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ABSTRACT

In order to manipulate the texture of friction stir processed Mg alloy, it is necessary to understand the
dynamic recrystallization (DRX) and texture change during friction stir processing (FSP). In this study,
both in-situ and ex-situ study were carried out on the mechanisms of dynamic recrystallization and texture
evolution during friction stir processing of a Mg alloy.
First, in order to understand the effect of temperature, strain rate, strain, and Zener-Hollomon
parameter (Z) on the grain size refinement and texture development, a constitutive study was carried out
by conducting a series of hot compression tests using a Gleeble system. The changes in dominant
deformation mechanisms (slip to twinning transition) yielded significant alterations in texture and
dynamic recrystallization behavior. The combined effect of texture and grain size refinement on
mechanical properties was also examined by a series of tension tests on the DRXed samples.
And, then to further unravel the texture evolutions during FSP, we measured in-situ texture
development in AZ31 Mg alloy plates during the FSP at two different thermo-mechanical input, namely,
low Z (LZ) and high Z (HZ) conditions using neutron diffraction as a function of position using a portable
FSP machine. The in-situ neutron diffraction result provided unique insights to a transient texture
development during the FSP.
The present study provides basic understanding of the grain size refinement and texture development
of a wrought Mg alloy during the friction stir processing and can help guide the manufacturing process to
manipulate grain size and texture of Mg alloy for enhanced formability. In addition, the present study can
be used to validate computational fluid dynamic modeling for FSP of Mg alloys.

Keywords: Magnesium, Friction stir processing, In-situ neutron diffraction, Grain size refinement,
Texture change
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Introduction

1.1 Introduction of friction stir processing
Mg and Mg alloys are the lightest among metallic materials. It is estimated that the density of
magnesium is around 70% of aluminum and 25% of steel. In addition, it has high specific strength, good
castability, weldability, and thermal conductivity as well as excellent damping capacity. These attributes
are quite advantageous for structural applications and make Mg alloys a good candidate for the
replacement of ferrous and aluminum alloy systems in automotive, aerospace, and electronic industries
[1]. However, there are currently very limited production applications of Mg alloys due to the high cost of
extrusion and limited formability of the sheet at room temperature.
Grain size refinement and texture modification can improve the mechanical properties. And thermomechanical processing such as uniaxial hot compression [2, 3] or hot tension [4, 5], rolling [6, 7], torsion
[8, 9], extrusion [10, 11], equal angular channel processing (ECAP) [12-15], and friction stir processing
(FSP) [16-19] are often used to tailor the microstructure and manipulate the texture components of Mg
alloys to improve the ductility and strength. Especially, the severe plastic deformation (SPD) techniques
such ECAP and FSP can effectively refine the grain size and change the texture. Kim et al. [13] showed
that the fiber texture of as-extrude AZ61 can be modified so that the basal poles are tilted about 45° from
the extrusion axis after eight passes of ECAP, which resulted in a grain size refinement from 24.4 μm to
8.7 μm. Chang et al. [20] conducted FSP on AZ31 Mg alloy with an initial grain size of 75 μm to obtain
ultrafine grain size of 100-300 nm, using 1200 rpm and about 0.5 mm/s processing conditions and also
equipping the FSP facility with a rapid heat sink. As a result, the hardness increased from 55 HV to 130
HV. Yu et al. [21] studied the mechanical properties of the FSPed plate by conducting a series of tension
testing and found that the yield stress decreased from about 150 MPa of the as-received plate to 70 MPa
for the FSP sample processed under a low Zener-Hollomon condition (LZ) and to 53 MPa for a high
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Zener-Hollomon processing condition (HZ), while the elongation improved from 15% of as-received to
20% of LZ case and 40% of HZ case. Compared with the ECAP, the FSP technique has various
economical and technical benefits as summarized in the literature review section [22].

1.2 Critical issues and objectives
In order to manipulate the microstructure of friction stir processed Mg alloy, it is critical to
understand the dynamic recrystallization (DRX) mechanisms and texture evolution during the friction stir
processing (FSP). The key objectives of this study are:
(1) to constitutively study the effect of temperature, strain rate, strain, and Zener-Hollomon
parameter (Z) on the grain size refinement and texture development by conducting a series of hot
compression tests and to investigate basic deformation and dynamic recrystallization
mechanisms,
(2) to study texture evolution during FSP as a function of time and position using in-situ neutron
diffraction under different thermo-mechanical input conditions, namely at a low Z and a high Z
condition.
The present study provides fundamental understanding of the grain size refinement and texture
development during FSP of a Mg alloy and can help guide the manufacturing process to manipulate grain
size and texture of Mg alloy for the enhanced formability. In addition, the result of the present study can
be used to help develop and validate the computational fluid dynamic modeling of FSP of Mg alloys.

2

Literature Review

2.1 Structural application of Mg alloys
Mg and Mg alloys are the lightest among metallic materials and have high strength. It is estimated
that the density of Magnesium is around 70% of aluminum and 25% of steel. In addition, it has good
castability, weldability and thermal conductivity as well as excellent damping capacity. These good
advantages as structural materials make Mg alloys applied in automotive industry, airplanes and
electronic devices as shown in [1].
According to ASTM Standard B 951-08 [23], Mg alloys are named using two letters representing the
two main alloying elements and the corresponding weight percent as shown in Table 2-1. AZ series (MgAl-Zn), AM (Mg-Al-Mn) series, ZK series (Mg-Zn-Zr) series and WE series (Mg-Y-RE) are the main
series. Mg alloys can be divided into two categories: casting alloys and wrought alloys. Generally,
wrought Mg alloy exhibits better tensile behavior relative to casting alloys but have asymmetry of yield
strength due to the strong texture formed during extrusion and rolling. Table 2-2 lists the typical casting
and wrought Mg alloy [24]. The Mg alloy used in car component are mainly casting alloy. The commonly
used casting alloy, AZ91, is used in car components where high strength is required. However, for seat
frames, instrument panel and steering wheels requiring high crash resistance, AM series Mg alloy such as
AM20, AM50 or AM60 good choices. For wrought Mg alloys, AZ31, AZ61, ZK60 and AM30 are
commonly used for extrusion while AZ31 for sheet. However, there are few production applications due
to the high cost of extrusion and limited formability of the sheet. The center console in Porsche Carrera is
the only one of Mg sheet. Many attempts of Mg sheet to make prototype hood, door inner panel and
liftgate have carried out for Lupo, GM and Chrysler LLC [25-27] as shown in Figure 2-1 and Figure

2-2.
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Table 2-1 Letters representing alloying elements for Mg alloy [23]
Letters

Elements

A

aluminum

B

bismuth

C

copper

D

cadmium

E

rare earths

F

iron

H

thorium

J

strontium

K

zirconium

L

lithium

M

manganese

N

nickel

O

silver

P

lead

R

chromium

S

silicon

T

tin

V

gadolinium

W

yttrium

X

calcium

y

antimony

Z

zinc

4

Table 2-2 Nominal compositions and typical room-temperature mechanical properties of magnesium
alloys [24]
Alloy Temper

Composition (wt. %)

Tensile properties

Al

Zn

Mn

Zr

Yield strength
(MPa)

Tensile strength,
(MPa)

Elongation
(%)

AZ31

F

3.0

1.0

0.20

–

165

245

12

AZ61

F

6.5

1.0

0.15

–

165

280

14

AZ80

T5

8.0

0.6

0.30

–

275

380

7

ZK60

F

–

5.5

–

0.45

240

325

13

ZK60

T5

–

5.5

–

0.45

268

330

12

AM30

F

3.0

–

0.40

–

171

232

12

5

Figure 2-1 Examples of automotive applications of Mg alloys [28]
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Figure 2-2 Automotive components of Mg alloy and the weight reduction [29]

7

2.2 Mg alloys development
As stated in Section 2.1, several series of Mg alloys with different alloying elements have been
developed for various applications. Alloy design to manipulate the mechanical properties is hot research
and industrial interest. Figure 2-3 shows the alloy development of Mg alloys. The addition of Al can
increase the strength and the maximum content is 10 wt%. When the content of Al is above 6 wt%, the
alloy is heat treatable. Another commonly used alloying element to improve the strength is Zn. The
content of Zn is less than 1 wt%. In addition, the addition of Li can improve the ductility but decrease the
strength. Elements such as Si, rare earth and Zr can improve the creep strength [30, 31]. For example, AS
(Mg-Al-Si-Mn) can work at maximum of 150 °C, AE (Mg-Al-E-Mn) maximum of 175 °C and WE (MgY-RE-Zr) 250 °C ~ 300 °C. However, Zr and rare earth (RE) elements are very costly. To replace with Ca
and Sr, AXJ530 (5 wt% Al, 3 wt% Ca, and 0.2 wt% Sr) was development and demonstrated good creep
resistance [32]. Furthermore, RE can change the texture of wrought AZ31 and increase the formability
[33-36]. The addition of Ca can improve the ductility and formability by modifying the recrystallization
behavior and texture [37, 38].

2.3 The underlying mechanism influencing the mechanical properties of Mg
The crystal structure of Mg alloy is HCP. Unlike BCC and FCC, HCP structure has limited slip
systems, the main reason for the poor ductility and formability at room temperature.

2.3.1 Deformation mechanism in Mg alloys

2.3.1.1 Various deformation mechanism
The deformation mechanism for Mg alloy are mainly: {0002}<112̅0> basal slip, {101̅0}<112̅0>
prismatic slip, {112̅2}<112̅3> pyramidal slip (also called <c+a> slip), {101̅2}<101̅1> extension twin
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Figure 2-3 Alloy development of Mg alloy [39]
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and {101̅1}<101̅2> contraction twin [40] as shown in Figure 2-4 a). The critical resolves shear stress
(CRSS) of basal slip is 5 MPa [41] and extension twin 10 MPa [41], prismatic slip 17.8 MPa [42,
43],The hardness of activating prismatic and pyramidal slip lead to the poor performance of Mg alloy at
room temperature. The poor ductility of Mg alloys is improved at elevated temperature [45-47] as the
CRSS of prismatic, pyramidal slip and contraction twin decrease [42-44] and that of basal slip and
extension twin is athermal [41] as shown in Figure 2-4 summarized by Yi [48]. For instance, Jager et al
[45] found the elongation of rolled AZ31 increase from 22% at room temperature to 420% at 350 and
400 °C. In addition, the onset of non-basal slip can lead to the decrease of r value of rolled plate at
elevated temperature [49]. However, to reduce the cost, a lot of efforts have been made to improve the
ductility of Mg alloys at room temperature by weakening the strong texture of wrought Mg alloys. The
addition of RE elements such as Y, Ce and Nd can achieve it by lowering the CRSS of twinning and
<c+a> slip [33-36].

2.3.1.2 Plasticity of various deformation mechanism
The various deformation modes in Mg alloys exhibits different yielding, hardening behavior and
ductility. Figure 2-5 shows the tensile behavior of different loading direction (LD) from ND to TD of the
rolled Mg plate with basal texture [50]. Based on the calculation of critical yield stress 𝜎𝑦 according to
Equation (2-1) at different LD：
𝜎𝑦 = 𝐶𝑅𝑆𝑆/𝑚

(2-1)

where CRSS refers to that of a specific deformation mechanism and m is Schmid factor which is related
to the loading direction and the slip systems. The dominant deformation mechanism for ND is extension
twinning, 45° basal slip and TD prismatic slip. It can be seen that the prismatic slip has higher yield stress
but lower ductility. In contrast, basal slip and extension twinning shows a lower yield strength but higher
elongation. Although the yield stress of basal slip and twinning is similar, the yielding behavior of
extension twins exhibits a deformation plateau. Moreover, hardening rate and tensile strength of extension
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twin is higher than that of basal slip. The hardening effect of twinning is because of the slip-twin
interaction and activation of prismatic slip in the twins [51]. In addition, the Hall-Petch relationship for
various modes are quite different. As shown in Figure 2-6, the yield stress of prismatic slip has a higher
grain size dependence than that of basal slip and twinning while that of basal slip and twinning doesn’t
show much difference [50] .

2.3.1.3 Deformation twinning
There is no recrystallization twin in Mg alloy. The twinning in Mg alloy is deformation twinning.
There are three types of deformation twins in Mg alloys: 1) {10-12} extension twin when c-axis under
tension, 2) {10-11} contraction twin when c-axis under compression, 3) {10-11}-{10-12} double twin
with formed with extension twin propagating within contraction twin. Twinning can change the grain
orientations. As shown in Figure 2-7, the extension twin rotates c-axis 86˚, contraction twin 56˚ and
double twin 38˚ [56-58]. The shape of extension twin is thick and lenticular while that of
contraction/double twin is thin [59]. The saturated strain the extension can accommodate is estimated
6.5% [60]. Extension twin is effective for the texture change as it propagates rapidly. In comparison,
contraction twins formed under compression along c-axis doesn’t obviously change the texture [40, 57,
58, 61, 62] due to the limited volume [62, 63]. Figure 2-8 shows the texture of rolled AZ31 Mg and that
after 15% compression strain along TD at room temperature [48]. It is because of the extension twinning
that the basal pole rotated from ND to TD because. The weak intensity of basal plane at ND indicated that
the sample was fully extension twinned.
For the specific loading path, the occurrence of the twinning is related to temperature and strain rate.
The onset of twins is easier at low temperature and high strain rate, high value of Zener-Holloman
parameter [21, 51, 64-67]:
𝑄

𝑍 = 𝜀̇𝑒𝑥𝑝 (𝑅𝑇)
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(2-2)

(a)

(b)

Figure 2-4 (a) different deformation mechanism in Mg alloys; (b) the CRSS of different deformation
mechanism as function of with temperature [42-44, 52-55] (referring to the reference 1-7 in the figure)

(a)

(b)

Figure 2-5 (a) the initial texture of hot-rolled AZ31 Mg plate; (b) stress-strain curves of different loading
direction, the angle refers to that from ND to TD [50]
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Figure 2-6 Hall-Petch relationship for basal slip, prismatic slip and extension twinning [50]

Figure 2-7 (a) Schematic illustration for twins and (b) the angle change between twin and the matrix[57,
60]
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Figure 2-8 Left: Pole figure of the as-received AZ31; Right: polar figure of 15% strain AZ31 compressed
[48]
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in which Q is the activation energy,  the strain rate and R the gas constant. Yu et al [66] studied the
mechanical behavior of AZ31 Mg alloy under c-axis and a-axis compression as function of Z. They found
at twinning was still active at high Z (573 K, 0.1 s-1) and disappeared at low Z (723 K, 0.01 s-1). CepedaJimenez [65] studied the twinning behavior of two rolled Mg polycrystal with grain size of 19 μm and 5
μm under compression along RD with temperature 50 °C to 250 °C and strain rate of 10-5 s-1 to 10-3 s-1.
They the twinning to basal slip transition occurred with decrease of grain size, decrease of strain rate and
increase of temperature. The proposed occurrence of the dominance of basal slip was because of the
increasing extent of connectivity of the grains with favorable orientation, promoting the slip transfer on
grain boundaries. In addition, the connectivity was determined by the fraction of grain boundaries the
misorientation of which smaller than a critical value (fθ<θth). The grain size refinement can increase fθ<θth
while small strain rate and high temperature (low Z) can increase the critical value θth.
For the room temperature deformation, twinning activity of Mg alloys was reported not dependent on
grain size [68, 69]. Ghaderi [68] found the twin volume fraction of extruded AZ31 alloy was invariant to
grain size in the range from 5 to 55 μm under compression along extrusion direction at room temperature.
Muránsky et al. [69] estimated the overall equal twin fraction in an extruded ZM20 alloy with grain size
of 17 μm and 114 μm at room temperature compression along extrusion direction. The twinning behavior,
however, is different is coarse grain and fine grain. Ghaderi [68] reported twin length increase with grain
size. However, twins in coarse grains don’t take over the parent grains due to twin impingement and
possibly sharper stress grain gradient in the grain boundaries. Muránsky et al. [69] pointed out the plateau
in fine grained alloy was because of the cooperate and simultaneous occurrence of twinning and
propagating without increase in the applied stress. The twinning in coarse grained alloy occurred
progressively to a large strain due to easier onset of slip systems.

2.3.2 Texture and mechanical properties of Mg alloy
For wrought Mg alloys, texture is easily formed during extrusion and rolling. The typical as_received
extrusion texture is (0002) parallel to extrusion direction (ED) and rolled texture (0002) normal align with
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normal direction (ND) of the plate. The initial texture has significant impact on the deformation
mechanism and thus affecting the mechanical behavior of Mg alloy.
For wrought Mg alloys, strong texture yields the tension-compression yield symmetry (ratio of yield
stress at tension and compression for specific loading direction). It is generally believed that the yield
asymmetry is due to the activity of twinning [70, 71]. Yin [70] studied the tension-compression
asymmetry of extruded AZ31 at various LD relative to the extrusion direction (ED) at room temperature.
They found the yield stress ration of compression and tension was a function of the LD: 0.84 at 0°, 1.02 at
45° and 1.28 at 90°. Then they analyzed the microstructure and figured out few twins occurred when
compression at 90° and tension at 0° whereas considerable twin formed when tension at 90° and
compression at 0°. For loading at 45°, similar amount of twins occurred after tension and compression.
In addition, strong texture results in the strong plastic anisotropy of wrought Mg alloys. The r valve is
an important parameter during deep drawing. The significant variation of r value (planar anisotropy) can
cause earring [72]. Experimental results show that the r value of rolled AZ31 plate for RD is 1.92, 45°
2.11 and TD 2.92 at room temperature. The high r value is because of the small thickness strain as <c+a>
slip is hard to be activated to accommodate the compression strain along ND. When the local thinning
occurred at the punch corner, the high r value contributed to likelihood to the fracture [73-75]. As <c+a>
slip is easier at elevated temperature, the deep drawability of rolled Mg sheet can be improved by the
decrease of r value [73-76]. S.H. Zhang et al [75] carried out deep drawing test on rolled AZ31 Mg sheet
with thickness of 0.8 mm and forming speed of 0.7 ~ 1 mm/s. They observed that the limit drawing ratio
(LDR) is around 1.5 at 107 °C, 2 at 140 °C and 2.44 at 170 °C. Due to the high CRSS of <c+a> slip at
room temperature, the fracture is very likely to take place. Weakening the basal texture can promote the
activity of basal slip for the sheet thinning, improving the formability. Zhang [77] weakened the strong
basal texture of AZ31 sheet by repeated unidirectional bending (RUB) and studied the deep drawability of
as-received sheet and RUB processed sheet at 100 °C with a punch speed of 0.05 mm/s and blank holder
force 0.5 ~ 3.5 kN. The LDR of as-received plate is 1.4 while that of RUB processed plate 1.7 as shown
in Figure 2-9. Yi et al [74] studied the deep drawing behavior of AZ31 and ZE100 sheet. The processing
16

Figure 2-9 (a) The deep drawing cups of as-received and RUB processed sheets, (b) schematic of the cup,
thickness strains as function of position for: (c) as-received sheet and (d) RUB processed sheet [74]
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parameters are: drawing ratio of 1.7, punch speed of 3.3 mm/s, blank holder force 5 kN and temperature
range from 150 ~ 300 °C. The initial texture of AZ31 and ZE10 is different as shown in Figure 2-10.
AZ31 shows a strong basal texture with maximum density of 13.1. Interestingly, ZE10 exhibits ellipsoidal
intensity distribution with a weaker maximum density of 2.7. The basal pole tilted 25° from ND to RD
and 40° from ND to TD, which is easier for basal slip for the thickness strain, leading to smaller r value.
The results show that the AZ31 sheet can be successfully deep drawing at minimum temperature of
200 °C and ZE10 sheet at minimum temperature of 150 °C.

2.3.3 Grain size and plasticity of Mg alloy
It is well known that the yield strength of alloy is dependent on grain size (Hall-Petch relationship)
[78, 79]:
𝜎𝑦 = 𝜎𝑜 + 𝑘𝜎 𝐷 −1/2

(2-3)

in which 𝜎𝑦 is yield stress, 𝜎𝑜 is the friction stress, 𝑘𝜎 is the strength coefficient and D is the grain size.
In According to Armstrong et al. [80], the shear stress for an operating deformation modes is
𝜏𝑦 = 𝜏𝐶𝑅𝑆𝑆 + 𝑘𝜏 𝐷 −1/2

(2-4)

in which 𝜏𝑦 is the yield shear stress, 𝜏𝐶𝑅𝑆𝑆 is the CRSS of the operating deformation modes. The
relationship between 𝜎𝑦 and 𝜏𝑦 is shown as:
𝜎𝑦 = 𝑀𝜏𝑦 = 𝑀( 𝜏𝐶𝑅𝑆𝑆 + 𝑘𝜏 𝐷 −1/2 )

(2-5)

in which M is the orientation factor, inverse of Schmid factor. Different H-P parameters for Mg alloy with
different initial texture loaded at different path have been proposed [50, 81-83]. Table 2-3 summarizes the
Hall-Petch parameters for various deformation modes of AZ31B Mg alloy in ref [50].
Lots of evidence has shown that grain refinement can help increase the ductility of Mg alloys [78, 79,
84-87]. For examples Mukai et al [87] tested the ductility of extruded ZK60 alloy of various grain size at
room temperature and found the elongation increased from 16% to 22% when grain size was reduced
from 120 μm to 4 μm. In another study [86], Mukai et al. found the ductility of extruded WE43 alloy at
18

Figure 2-10 Pole figures of the as-received (a) AZ31 and (b) ZE10 sheets; pole density of (0002) pole
figure of (c) AZ31 and (d) ZE10 sheets [74]
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Table 2-3 Hall-Petch parameters for various deformation modes of AZ31B Mg alloy in ref [50]
Deformation Mode

𝜏𝑜 (MPa)

𝑘𝜏 (MPa mm1/2)

Basal slip

9.9

2.61

Prismatic slip

17.6

5.54

Extension twin

5.7

3.48
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room temperature was enhanced from 7.5% to 27% as grain size decreased from 73 μm to 1.5 μm. Chino
et al. [84] studied the ductility of AZ31 Mg alloy with grain size ranging from 6.3 μm to 30.1 μm at 523
K and found out the specimen with grain size of 6.3 μm exhibits elongation of 92.6% relative to that of
30.1 μm 30.1%. In addition, Mohan et al. [85] obtained ultrafine grain size, 0.8 ± 0.3 μm, of AZ31 by two
passes FSP: 700 rpm, 3.4 mm/s followed by 500 rpm, 5.9 mm/s, which shows a superplastic elongation of
257% at 210 °C, 1×10-4 s-1. Nieh et al. [88] obtained ZK60 and AZ91 with grain size 1 μm and 0.8 μm by
ECAP and studied the superplasticity at low temperature and high strain rate. They found the failure of
ZK60 reached 810% at 260 °C, 3×10-3 s-1 and AZ91 375% at 250 °C, 3×10-2 s-1.

2.4 Texture modification and grain size refinement by thermal mechanical processing
Thermo-mechanical processing such as uniaxial hot compression [2, 3] or hot tension [4, 5], rolling
[6, 7], torsion [8, 9], extrusion [10, 11], equal angular channel processing (ECAP) [12-15] and friction stir
processing (FSP) [16-19] are often used to tailor the microstructure and manipulate the texture
components of Mg alloy to improve the ductility and strength of Mg alloy.

2.4.1 Texture modification by thermal mechanical processing
As stated in Section 2.3.2, weakening or change the basal texture can improve the mechanical
properties of Mg alloys. There are several ways to change the texture of Mg alloy: one way is to change
the chemical composition of Mg alloy by adding RE elements such as Y, Ce and Nd [34] e.g. Figure
2-10(b) and another one is by thermal mechanical processing without chemical composition change [9,
13, 15, 21, 89, 90]. Agnew et al. [89] applied ECAP to process as-extruded AZ31 at 200 °C with speed of
25 mm/min and the grain size is refined from 49 μm to 60 um while the initial fiber texture evolved into
the texture that basal plane tilt 45° from the extrusion axis. Zhang [77] weakened the strong basal texture
of AZ31 sheet by repeated unidirectional bending (RUB) with six-pass bending at room temperature as
shown in Figure 2-11. Su et al. [91] processed rolled AZ31 billed using ECAP according to Route BC and
found the basal plane tilted ~45° away from ND after 4 successive passes schematically shown in
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Figure 2-12. Yu et al. [21] studied the texture evolution during FSP of rolled AZ31 plate as a function of
Z-H parameter estimated by the processing parameters. The initial texture is strong basal texture, <0001>
// ND (normal direction) which changed to shear texture component, <0001> // LD (loading direction) at
low Z (LZ) (1200 rpm, 0.25 mm s-1) and 40° off-ND towards LD at high Z (HZ) (600 rpm, 1.1 mm s-1).
It needs to be pointed out that DRX texture during the thermal mechanical processing is dominated by
the deformation texture. According to the literature reports, the orientation of recrystallized grains is
similar to of the matrix [5, 65, 92, 93]. S.B Yi. et al. [5] studied microstructure changes of AZ31 in
tension at 200 °C and 250 °C and they found the texture of the recrystallized grains on the grain
boundaries and the matrix grains just shows minor intensity difference. Cottam et al. [94] investigated the
DRX texture of extruded pure Mg, Mg-0.23 wt%Y, Mg-0.84 wt%Y, Mg-2.71 wt%Y processed by
channel die compression to strain 60% at temperature from 200 °C to 450 °C and strain rate of 1×10-3 s-1.
They found the texture of DRXed grains followed that of the parent grains in all alloys which can be seen
in Figure 2-13. Y.L. Chen et al. [92] carried out the uniaxial compression along ND and TD of a rolled
AZ31 alloy to study the twinning effect on the DRX at 250 °C, 0.001 s-1. They concluded that the DRXed
grains has similar grain orientation with that of parent grains as shown in Figure 2-14.

2.4.2 Grain size refinement by thermal mechanical processing
During thermal mechanical processing, grain size refinement is due to DRX. Figure 2-15
schematically shows how the microstructure develops during DRX. Some researchers [96] pointed out the
recrystallization can be phenomenally categorized as continuous RX and discontinuous RX. In continuous
RX, the nucleation and grain growth occur separately with a heterogeneous microstructure as the RX
volume fraction increases from 0 to 1. However, for continuous RX, nucleation and growth is not
distinguishable and the RX microstructure exhibits homogenous.
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Figure 2-11 (0002) Pole figures and EBSD images of: (a) as-received sheet and (b) RUB processed sheet
[77]

Figure 2-12 Schematic figure of the change of basal plane in Mg alloy through (a) the conventional direct
extrusion and (b) ECAP process [95]
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Figure 2-13 (0002) pole figures from EBSD of DRX grains and parent grains of extruded Mg during
tensile test at various temperature and strain [94]
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Figure 2-14 EBSD images of (a, b, c) AZ31 specimen compression along ND and (d, e, f) specimen
compression along TD at 250 °C with a strain of 23% [92]

Figure 2-15 (a)-(d): The development of microstructure during DRX [96]
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The combination of temperature and strain, termed Zener-Holloman parameter, can influence the grain
size refinement during thermal mechanical processing [2, 51, 66, 97]. T. Al-Samman et al. [3] studied the
role of temperature and strain rate on the DRX grain size refinement of extruded AZ31 under hot
compression along ED at temperature from 200 to 400 °C and 10-2 to 10-4 s-1 at strain various strain as
shown in Figure 2-16. The finest microstructure was obtained under 200 °C and 10-2 s-1. According to
S.M. Fatemi-Varzane et al. [2], DRX grain size of AZ31 doesn’t change with strain. They found the
DRXed grain size decreased with Z increasing. Guo et al. [97] constitutively studied the DRX of AZ31
during hot compression at temperatures between 250 and 450 °C and at strain rates ranging from 0.005 to
5 s-1 using Gleeble 1500 machine. They obtained the relationship between DRXed grain size and Z:
𝑙𝑛𝐷𝑟𝑒𝑥 = −0.105 𝑙𝑛𝑍 + 4.695 as shown in Figure 2-17.
It was reported DRX of Mg alloy was influenced by the initial texture [66, 98-102], which is
essentially because of dependence of the deformation mechanism on the initial texture. Pyramidal slip
was reported to enhance the DRX compared to basal slip and prismatic slip as pyramidal slip facilitates
cross-slip and dislocation climb [100]. Besides, the role of twinning on the DRX of Mg alloy has been
studied intensively [66, 98-102]. M. Barnett [67] summarized the DRX microstructure map of various
deformation processing including the conditions where twinning and DRX occurred as shown in Figure
2-18. In region with high Z (>1014 s-1) and small initial grain size (< 5 μm), twinning occurred and the
DRX was twinning-assisted. According to Sitdikov et al. [98], there are mainly three stages related to
twinning-assisted DRX: 1) nucleation occurs by intersection of different variants of twins or
rearrangement of lattice dislocation within the twin; 2) recrystallized grains formed by the random highangle boundaries evolved by the twin boundaries, 3) migration of the twin boundaries. What’s more, the
DRX occurs differently among different type of twins. Studied have shown that DRX is preferred to take
place within contraction twin than extension tension because of its high stored energy and good Schmid
factor for basal slip within the twin [103-105]. In addition, Yu et al. [66] showed contraction twin is much
more effective on grain refinement of AZ31 during hot compression than by the slip systems. Chen
studied carried out hot compression test along ND and TD of rolled AZ31 alloy at 250 ˚C, 0.001 s-1 and
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Figure 2-16 DRX microstructure of extruded AZ31 under hot compression along ED at temperature from
200 to 400 °C and 10-2 to 10-4 s-1 at strain of -1.2 [3]
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Figure 2-17 The relationship between DRXed grain size and Z [97]

Figure 2-18 DRX microstructure map of various deformation processes including the conditions where
twinning and DRX occurred [67]
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Figure 2-19 Optical (a) and SEM image (b) of extruded AZ 31 specimen under compression along ED at
200 °C, 10−2 s−1 with stain of -1.2 [3]
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he found contraction twin was more preferred site for recrystallization than extension twin [92]. Evidence
showed that DRX could also occurred in the intersection of extension twins as shown in Figure 2-19 [3].
The relationship between deformation mechanism and DRX was well summarized by A. Galiyev et al.
[99] during hot compression of an Mg alloy: 1) twinning occurs low temperature (below 150 ˚C) with
basal slip and <a+c> dislocation glide as well, 2) extensive cross-slip contributes to the DRX in the
intermediate temperature range (200-250 ˚C), 3) dislocation climb leads to the bulging of original grain
boundaries and subgrain growth at high temperature (300 ˚C to 450 ˚C).

2.5 Grain size refinement and texture modification of Mg alloy during FSP

2.5.1 Overview of FSW/FSP
Friction stir welding (FSW) is type of solid-state joining process which has been developed
significantly in metal joining and widely used and studied due to its energy efficiency, environment
friendly, and versatility [106-111]. Especially, it has advantages over conventional fusion welding such as
dissimilar welding between aerospace aluminum alloys and other metallic alloys. During FSW, a rotating
tool with pun and shoulder plunge into sheets and travels along the welding line at temperature lower than
the melting point schematically shown in Figure 2-20. The friction between rotating shoulder and pin and
the workpiece can supply the heat for welding. The material flow from the front to back of the pin fills the
hole as tool travels forward. The function of shoulder is to prevent material flow from flashing. The
concave shoulder and threaded cylindrical pin are commonly used. The rotation speed ranges from 300
rpm to 2000 rpm and traveling speed from 1 to 20 mm/s [22, 112-114].
FSP is a generic adaptation of FSW. Unlike FSW to joint two pieces of material, FSP is to modify
the microstructure of the plate. Figure 2-21 shows the modified microstructure of AZ31 by FSP according
to Woo’s study [19]. It can be seen from the figure gran size SZ is grain-refined region, where materials
went through severe plastic deformation. Reports have shown the modified microstructure by FSP can
produce excellent fatigue properties, formability and superplasticity [115-119].
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Figure 2-20 Schematic picture of friction stir welding [120]

Figure 2-21 Optical micrographs of the FSP AZ31B Mg alloy: (a) overall cross-sectional macrostructure;
(b) microstructure of the SZ, TZ and HAZ [19]
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2.5.2 Thermal profile during FSW/FSP
Z.Z Yu et al. [121] embedded thermocouples at different position in TD during FSP of AZ31 plate
and found the peak temperature decreased as the position was further away from the tool. They also noted
temperature on the advancing side is slightly higher. Advancing side is where the tangential velocity
vector direction was the same as that of traveling speed. The processing parameters can influence the
thermal profile of FSP. Change et al. [122] measured the temperature profile of the billet and extruded
AZ31 specimen during FSP at 800 and1400 rpm with traveling speed of 1.5 mm/s by inserting
thermocouple in the welding line as shown in Figure 2-22. It can be seen the higher the rotation speed, the
higher the peak temperature. The temperature in front of the tool increased very sharply while that behind
the tool cooled down slower, showing asymmetric features. An empirical relationship between the
processing parameters, namely rotation speed and traveling speed, and the peak temperature was given by
[123]:
𝜔2

𝛼

𝑇 = 𝑇𝑚 𝐾 (2.362×104 𝜈)

(2-6)

in which Tm is the melting point (unit °C), 𝜔 is the rotation speed (rpm), 𝜈 is the traveling speed (mm s-1)
and K and 𝛼 are constants, which were estimated to be 0.494 and 0.083 for AZ31 Mg alloy [21].

2.5.3 Material flow during FSW/FSP
Marker insert technique (MIT) has been used to trace the material flow during FSW/FSP [124-126].
T. U. Seidel et al. [124] inserted markers made of AA5454-H32 into the welding path of AA2195-T8
during FSW. By checking the final positions of the marker, they found more materials transport occurred
on the retreating side than that on the advancing side. The amount of material flow increased with
decrease in the ration of traveling and rotation speed and increase in the pin diameter. They also proposed
that the maximum distance for the materials transport behind the tool was less than the diameter of the
pin. H.N.B. Schmidt et al. [125] studied the materials flow of AA2024-T3 during FSW by inserting thin
copper strip as markers in longitudinal direction and transverse direction as schematically shown in
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Figure 2-22 Temperature profile of the billet and extruded AZ31 specimen in during FSP at 800 and1400
rpm with traveling speed of 1.5 mm/s obtained from the inserted thermocouple [122]
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Figure 2-23. The results were shown in Figure 2-24 and Figure 2-25. It can be seen from Figure 2-24 that
when the tool approached the copper strip, the strip became small convoluted segments around the
shoulder due to severe plastic deformation. The material deflected around retreating side and the
deposition occurred on the trailing side. The strip still kept the continuous shape in the welding line after
FSW. Figure 2-28 shows the asymmetric materials transport on retreating side and advancing side. Chen
et al. [127] used pin-breaking technique to study the strain and strain rate in Al-7Si-0.3 Mg. They found
the strain and strain rate continuously increased to a maximum of 3.5 and 85 s-1 respectively as it
approached the shear zone boundary.
The material flow during FSW/FSP is very complex and hard for real time measurement.
Computational fluid dynamics (CFD) simulation can help understand the complex material flow during
FSW/FSP [120, 128, 129]. Nandan et al. [130] simulated the three-dimensional viscoplastic flow and heat
transfer during friction stir welding of mild steel by solving the equations of conservation of mass,
momentum and energy in three. They found viscoplastic flow occurred significant close to the tool
surface and decreased with distance away from the tool surface as shown in Figure 2-26 which can also
be seen Figure 2-27 that the number of circular streamlines decreases. Figure 2-28 also indicated the
material transportation mainly occurred along the retreating side, which has also been reported in other
references [128, 129].
G. Buffa et al. [131] used a continuum based FEM model to simulate the material flow of AA6061T6 during FSW with rotation speed of 1000 rpm and traveling speed of 0.83 mm/s, 1.67 mm/s, and 3.33
mm/s. They found the strains under the shown increases with the decrease in traveling speed. It can be
seen from Figure 2-25 that the strains ranged from 1 to 4 for traveling speed of 3.33 mm/s and 1.5 to 6 for
0.83 mm/s. A. Arora et al. [129] simulated strains and strain rates of AA2524 during FSW with rotation
speed of 300 rpm and traveling speed of 2.11 mm/s based on three-dimensional viscoplastic flow and heat
transfer model. They estimated the strains in range from -10 to 5 and strain rates from -9 to 9 s-1. They
also reported that the strain along longitudinal direction in front of the tool was tensile strain and became
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Figure 2-23 Schematic picture showing the orientation of markers and extraction position [125]

Figure 2-24 3D computer tomography images of specimen E6 with different transparency. Gray refers to
aluminum and yellow copper. (a) No transparency, (b) half transparency, (c) full transparency, (d) front
view, (e) side view [125]

35

Figure 2-25 3D computer tomography images of specimen E6 with different transparency. Gray refers to
aluminum and yellow copper. (a) No transparency, (b) half transparency, (c) full transparency, (d) front
view, (e) advancing side view and (f) top view [125]
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Figure 2-26 Contour plot of the viscosity (in Pa s) at z=5.72, 4.02, 2.33 and 0.64 mm. Outer-most contour
referred that of 9.9 × 106 Pa s, the boundary of plastic flow region. The rotation speed was 450 rpm and
traveling speed 0.42 mm/s [130]
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Figure 2-27 Streamlines of plastic flow on horizontal planes at (a) z = 5.72 mm, (b) 4.02 mm and (c) 0.64
mm [130]

Figure 2-28 Effective strain distributions on x-z plane during FSW of AA6061 as a function of advancing
speed (traveling speed, the unit is mm/min) with rotation speed of 1000 rpm [131]
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compressive behind the tool. The case for that of transverse direction went the opposite way. Chang et al.
[122] proposed an equation to calculate the strain rate during FSW. He assumed FSW went through
torsion and obtained the relationship:
𝜀̇ =

𝜋𝜔𝑟
𝐿

(2-7)

where r and L are the average radius and depth of the SZ observed in FSP/FSW plate while 𝜔 is the
rotation speed.

2.5.4 Grain Refinement and texture evolution of Mg alloys in FSW/FSP

2.5.4.1 Grain size refinement during FSW/FSP
Friction stir processing (FSP) has been proved effective to refine grain size in the stir zone (SZ) by
dynamic recrystallization [19, 132]. For example, Woo et.al [19] utilized FSP with rotation speed of 600
rpm and travelling speed of 0.98 mm s-1 on a rolled Mg alloy and found out grain size was refined to 17
μm from 50 μm. C.I. Chang et al. [20] conducted FSP on AZ31 Mg alloy with initial grain size of 75 μm
and obtained ultrafine grain size of 100-300 nm, using 1200 rpm and about 0.5 mm/s and equipping the
FSP facility with a rapid heat sink as shown in Figure 2-29. In another study by Change et al. [122], they
carried on FSP on the extruded AZ31 plate with rotation speed range from 180 to 1800 rpm and traveling
speed of 1.5 mm/s. They calculated Zener-Hollomon parameter based on the temperature measured by
inserted thermocouple and strain rate according to equation (2-7). The relationship between recrystallized
grain size and Zener-Hollomon parameter was proposed as shown in Figure 2-30.

2.5.4.2 Texture evolution during FSW/FSP
The severe plastic deformation during FSP not only refines grain size, but also manipulates the
texture based on the processing parameters [19, 21, 83, 90, 133-136]. Two types of the texture of SZ of
the FSPed plates are generally listed in literature reports [19, 21, 83, 90, 133-136]: 1) shear texture
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Figure 2-29 SEM images of grain size of FSPed AZ3 with 1200 rpm and about 0.5 mm/s [20]

Figure 2-30 Relationship between recrystallized grain size and Zener-Hollomon parameter [122]
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(<0001> // welding direction (WD)); 2) off-ND texture (<0001> lies between normal direction (ND), and
WD). For instance, Hutsch et al. [136] investigated the texture evolution of AZ31 plate with basal texture
under various processing parameter and found that when the rotation speed increased from 2000 rpm to
3500 rpm and traveling speed from 17 mm s-1 to 167 mm s-1, the texture developed from basal texture to
around ~40˚ off-ND texture. R. Xin et al. [135] explored friction stir welding parameters on the texture of
as-rolled AZ31 Mg alloys and they obtained the strong shear texture (<0001> // WD) at 1600 rpm, 10
mm/s and ~45˚ off-ND texture at 800 rpm. 1.5 mm/s in the SZ. Evidence shows that both the shear
texture and off-ND texture yield improved ductility [19, 21]. Yu et al. [21] studied the texture evolution
during FSP of rolled AZ31 plate as a function of Zener-Hollomon parameter estimated by the processing
parameters. The initial strong basal texture (<0001> // ND) changed to combined shear texture (<0001> //
WD) and basal texture at low Z (1200 rpm, 0.25 mm s-1) and 40˚ off-ND at high Z (600 rpm, 1.1 mm s-1)
as shown in Figure 2-31.
In Mg alloy, grain size-dependence-strength is very sensitive to texture [50, 83]. Therefore, in order
to manipulate the texture to obtain the desired properties, how the texture develops needs to be addressed.
The research efforts mentioned above were primarily focused on the measurement of the final texture.
Some attempts have been made by Mironov et al. [137, 138] to illustrate the texture evolution in SZ
during FSW using the so-called “stop-action technique”. They checked the texture in front of and behind
key hole after FSP machine was emergence stopped with water-ice mixture poured on the final tool
position. For example, they investigated the texture in front of and behind the key hole of FSWed AZ31
Mg plate at 2000 rpm and 10 mm/s [138]. It can be seen from Figure 2-32 that ahead of the key hole offND (0002) texture occurred in the region under the shoulder (Region 4) and the tilt angle increased from
3˚ to 37˚ as it was close to the shoulder. The region close to the tool (Region 3) has a strong shear texture.
The transition region (Region 2) showed features of combined shear texture and off-ND texture. Figure
2-33 showed the texture distribution behind the key hole. The regions under the shoulder (Region 6) were
similar to that ahead of the key hole. Texture in SZ showed dominant off-ND texture with small fraction
of shear texture. In another study by Mironov et al. [137], they observed extension twins ahead of the key
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Figure 2-31 (0002) pole figures of SZ measured by neutron diffraction from the stir zones for various Z
(Case 1: Z=1.0×1010 /s, Case 2: Z=1.1×1011 /s, Case 3: Z=3.2×1011 /s, Case 4: Z=6.0×1011 /s, Case 5:
Z=1.6×1012 /s, Case 6: Z=2.8×1012 /s and Case 7: Z=4.2×1012 /s) [21]
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Figure 2-32 (a) EBSD map in front of the tool keyhole and (b) 0002 pole figures in selected regions [138]
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Figure 2-33 (a) EBSD map behind tool keyhole and (b) 0002 pole figures in selected regions [138]
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hole for 300 rpm, 3.33 mm/s and 400 rpm, 3.33 mm/s and the texture behind the key hole for both cases
showed strong shear texture. The “stop-action technique” can preserve the dynamic features of material
flow around the tool to some extent, however it is not the exact measurement of how the texture evolves
of SZ during FSP. On the other hand, during the “stop-action” experiment, the tool cannot be stopped
immediately after the power was removed. It is suggested in [137, 138] that the tool was completely
stopped within ~ 1.5 s, which might affect the texture in front of and behind the key hole. According to S.
H. Park et al. [139], the texture on the advancing side tilted more than that on the retreating side at the
same distance from the tool center because of the less shear effect of the material flow.

2.5.4.3 Mechanical propertied change after FSW/FSP
Woo et al. [19] carried out the tensile test of samples at different region along welding direction.
Compared with the base material, the elongation in the SZ increase from 32% to 41% while the yield
stress drops from 110 MPa to 55 MPa. The increase of the elongation is due to the grain refinement and
weakening of basal texture in the SZ. According to Z.Z Yu et al. [21], the ductility increased from 15%
of initial basal texture to 24% of shear texture and 39% of off-ND texture and yield strength dropped from
150 MPa to 71 MPa and 54 MPa as shown in Figure 2-34. In addition, Mohan et al. [85] obtained
ultrafine grain size, 0.8 ± 0.3 μm, of AZ31 by two passes FSP: 700 rpm, 3.4 mm/s followed by 500 rpm,
5.9 mm/s, which shows a superplastic elongation of 257% at 210 °C, 1×10-4 s-1.
In Woo’s study [19], the microhardness in SZ of FSPed AZ31 doesn’t change much after FSP even
with the grain refinement in SZ from 87 µm to 17 µm. The ultrafine grain size of 100-300 nm in SZ of
FSPed AZ31 increased the microhardness to 120 Hv relative to 50 of the base material [20]. X. H Du et al.
[17] refined the grain size to 100~300 nm from to 75 µm of AZ61 by FSP at 1200 rpm, ~0.5 mm/s. The
hardness of the FSPed specimen showed the microhardness increased from 55 HV to 130 HV as shown in
Figure 2-35.
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Figure 2-34 (a) Stress-strain curves of the tensile test of the stir zone along the longitudinal direction at
room temperature, (b) yield strength and elongation as a function of the Zener–Hollomon parameter. The
cases and Z refer to that in Figure 2-31

Figure 2-35 Microhardness result of the SZ in the FSPed AZ61 alloy [17]
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Grain Size Refinement and Texture Development During Dynamic Recrystallization of a
Wrought Mg-3Al-Zn Alloy

3.1 Introduction
Magnesium alloys have a great potential for broad structural applications in the transportation
industry because of its high strength to mass ratio and significant improvement in fuel efficiency [1, 94].
However, due to the insufficient number of slip systems and a strong plastic anisotropy, the formability of
wrought Mg alloys at ambient temperature is not adequate. Recent studies have shown that the plastic
anisotropy and limited ductility at room temperature can be improved by grain refinement and weakening
the strong basal texture (i.e., c-axis predominantly aligned along the normal direction of wrought Mg
alloy plates) [49, 74, 84]. Various thermo-mechanical processing methods, such as uniaxial hot
compression [2, 3], hot tension [4, 5], rolling [6, 7], torsion [8, 9], extrusion [10, 11], equal channel
angular processing (ECAP) [12-15], and friction stir processing (FSP) [16-19], are often used to tailor the
microstructure and manipulate the texture components of Mg alloys.
During a thermo-mechanical process, significant grain refinements can result from the severe plastic
deformation and dynamic recrystallization (DRX) at elevated temperatures [12-19, 82]. Also, ZenerHollomon parameter (Z), a function of strain rate and temperature, is often used to characterize the grain
refinement and dominant deformation mechanism correlated to the thermo-mechanical conditions
imposed during the processing:
𝑍 = 𝜀̇𝑒 𝑄⁄𝑅𝑇

(3-1)

where 𝜀̇ is strain rate, Q is the activation energy, and T is absolute temperature. The DRXed grain size
decreases systematically with the decrease in the processing temperature due to the low mobility of grain
boundaries [2-5, 51, 66, 67, 122]. For examples, Kim et al. [13] applied ECAP on a pre-extruded Mg
alloy at 548 K with an extrusion speed of 4 mm/s, and the grain size was refined from 24.4 μm to 15.8 μm
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after one pass and to 8.7 μm after eight passes. Woo et al. [19] utilized FSP with the tool rotation speed of
600 rpm and travelling speed of 0.98 mm s-1 on a rolled Mg alloy and refined grain size from 50 μm to 17
μm.
The grain refinement results in the increase in ductility of Mg alloys [78, 84, 85, 140] as shown by
Chino et al. [84], where the ductility (% elongation) of AZ31 Mg alloy at 523 K increase from 30.1%
elongation to 93% with the decrease in the grain size from 30.1 μm to 6.3 μm. In addition, Mohan et al.
[85] obtained ultrafine grain size (0.8 ± 0.3 μm) in AZ31 by two passes of FSP (at first 700 rpm, 3.4
mm/s then followed by 500 rpm, 5.9 mm/s) which shows a superplastic tensile elongation of 257% at 483
K, 1×10-4 s-1.
The crystallographic texture is often altered during the thermo-mechanical processing [9, 13, 15, 21,
89, 90, 121, 141]. For example, Agnew et al. [89] ECAPed as-extruded AZ31 at 473 K with speed of 25
mm/min, and the grain size refined from 60 μm to 49 um and the initial fiber texture changed into a
texture with the basal plane tilted 45° from the extrusion axis. Yu et al. [21] studied the texture evolution
during a FSP of rolled AZ31 plate as a function of Z parameter. The initial strong basal texture, <0001> //
ND (normal direction), changed to a shear texture, <0001> // LD (loading direction) at low Z (LZ) (1200
rpm, 0.25 mm s-1) processing condition and 40° off-normal towards LD under a high Z (HZ) (600 rpm,
1.1 mm s-1) condition.
During a thermo-mechanical processing of Mg alloy, the recrystallization and deformation textures
contribute to the overall texture modification. In general, the orientation of recrystallized grains is similar
to of the parent grains [5, 65, 92, 93, 142]. Yi et al. [5] studied the recrystallization of AZ31 under tension
at 473 K and 523 K and they found that the textures of the recrystallized grains on the grain boundaries
and the parent grains just exhibits minor intensity differences. Similarly, Cottam et al. [94] investigated
the DRX texture of extruded pure Mg-Y alloys processed by channel die compression at temperatures
ranging from 473 K to 723 K and a strain rate of 1×10-3 s-1. The texture of DRXed Mg-Y grains followed
that of the parent grains in all alloys. Moreover, Chen et al. [92] carried out the uniaxial compression at
523 K, 0.001 s-1 along ND and TD of a rolled AZ31 alloy to study the effect of twinning on the DRX
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texture. It was that concluded the DRXed grains retained the orientations of the twins formed during the
hot compression.
In terms of the development of deformation texture of Mg alloys, deformation twins are most
effective in texture modifications. The extension twins are formed under tension along the c-axis or
compression perpendicular to the c-axis and propagate fast, rotating the basal plane by about 86° [40, 56,
61, 62]. In comparison, contraction twins formed under compression along c-axis can rotate the basal
plane by about 56°. However, contraction twins do not obviously change the overall texture [40, 57, 58,
61, 62]. It is due to the limited volume resulting from the large shear strain contraction twins can
accommodate [62, 63]. Slip systems are not effective in modifying the texture. For example, during the
uniaxial deformation of Mg alloy, the activation of prismatic, pyramidal slip along with basal slip at
elevated temperature appears to make little change on the texture [49, 65, 76, 93, 142].
The implications of texture modification on the mechanical behavior of Mg alloys has also been
extensively studied [13, 21, 89, 143]. For example, Agnew et al. [89] showed that the ECAPed specimen
with basal plane tilted 45° from the extrusion axis exhibited a better ductility at room temperature (45%
compared to 20% of the unECAPed specimen), and a lower yield stress, facilitated by the basal slip from
the modified texture. Yu et al. [21] studied the tensile properties of the texture-modified FSP samples and
showed that the yield stress decreases from about 150 MPa of the as-received sample to about 50 MPa of
the FSP sample while the elongation improved from 15% to about 40%.
The combined effect of grain refinement and texture modification was also studied [13]. Kim et al.
[13] studied Hall-Petch (H-P) relationship of an ECAPed AZ61 alloy and found that the H-P relationship
has a negative slope indicating potential texture effects. Wang et al. [50] showed that the initial texture,
which governs the dominant deformation mechanism, has significant influence on the H-P relationship of
a Mg alloy in that the prismatic slip has a higher Hall-Petch coefficient than extension twin and basal slip.
Yu et al. [144] recently reviewed the factors, such as texture, grain size, temperature, and strain, that
influence the Hall-Petch coefficient and showed that texture affects the Hall-Petch coefficient
significantly.
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Understanding the effect of DRX on simultaneous grain refinement and texture modification of Mg
alloys can help establish processing-microstructure-texture maps. It will further advance in understanding
the combined effect of grain refinement and texture modification on mechanical properties. In this paper,
we will first present the grain refinement during DRX of AZ31B as a function of strain rate, temperature,
Z and strain, the DRX kinetics and the processing-microstructure map. Then we will present the texture
change during DRX of AZ31B as a function of strain rate, temperature, Z and strain and the processingtexture map. What’s more, we will present the mechanical properties of the hot-compressed Mg alloy
with different texture and grain size under tension along ND of the specimens. We will discuss DRX
kinetics for different deformation mechanism, texture effect on the Hall-Petch relationship of AZ31B Mg
alloy. Furthermore, the combined effect of grain refinement and texture modification on the yield strength
will be discussed. The results would provide guidelines for the grain refinement and texture development
during a thermo-mechanical processing of a Mg alloy. Moreover, the established processingmicrostructure-texture-properties relationship would give instructions for the optimization of the
processing parameters.

3.2 Experimental details

3.2.1 Material, hot compression and microstructure
The material used in this study is a commercial wrought AZ31B Mg alloy plate. The dimension of the
rolled plate is 500 × 100 × 6.5 mm. Cylindrical samples (6 mm diameter and 6 mm height) with the
compression loading direction (CLD) parallel to TD were prepared by electrical discharge machining
(EDM), Figure 3-1(a). In this paper, RD, TD, ND, CLD and TLD refers to rolling, transverse, normal,
compression and tension loading direction respectively. Then the samples were deformed by hot
compression along TD using Gleeble system 3500. The samples were heated up at 10 K/s to the target
temperature and then soaked for 10 s, followed by hot compression to a set strain value at fixed strain rate
under the displacement control. The cooling rate after the deformation was about 100 K/s in all cases. The
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hot compression temperature ranges from 423 K to 823 K, strain rate from 0.0001 s-1 to 1 s-1 and strain
from 10% to 50% as summarized in Table 3-1. The corresponding Z values range from 2.6×106 to
2.4×1015 s-1. With varying combinations of T and 𝜀̇, resulting in the same Z, the effect of T and 𝜀̇ can be
studied.

3.2.2 Material, hot compression and microstructure
The as-received and deformed samples were polished and etched using a mix of 0.6 g picric acid, 3
ml acetic acid, 6 ml water, and 20 ml ethanol for about 3 s. Light optical microscopy was used to obtain
the microstructure. Grain size distribution was analyzed following ASTM E112 standard [145]. The
initial grain size of the as-received sample is 16 ± 7 μm, Figure 3-1(d). The crystallographic texture was
measured for the as-received and deformed samples using synchrotron x-ray diffraction (sXRD) at
Beamline 11-ID-C, Advanced Photon Source (APS) at Argonne National Laboratory [146]. The
wavelength was 0.1173 Å and the sample-to-detector distance was set 1500 mm, which covered 22
diffraction peaks (101̅0 to 123̅3) for Mg alloy. The incident x-ray beam size was 600 × 600 µm. The
sample extracted from compressed Mg sample for the texture measurement was cylindrical 4 mm
diameter and 4 mm height, Figure 3-1(b). The texture data was collected by the rotating the aligned
sample from 0˚ to 180˚ with step size of 30˚ to cover the full pole. The Debye-Scherrer rings were
converted into diffraction patterns using Fit2D software. Then, the texture analysis was conducted by
Rietveld refinement and E-MIWV method using Materials Analysis Using Diffraction (MAUD) software
[147]. The raw pole figure data was further analyzed using MTEX, a quantitative texture analysis
software [148]. The initial texture has a strong (0002) basal texture along ND, Figure 3-1(d).

3.2.3 Tensile test of DRXed samples
Additional set of AZ31 cylinder Mg samples with a large dimension of 10 mm diameter × 15 mm
height were prepared and deformed by hot compression along TD using the Gleeble system to strain of
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Table 3-1 Gleeble hot compression conditions: temperature (T), strain rate (𝜀 ̇ ), strain (ε), and Z. The
activation energy used to calculate Z is 164 kJ/mol [27]

T (K)
log𝜀 ̇
-1
𝜀 ̇ (s )

823

773

723

673

623

573

523

0.0001

-4

2.6×106

1.2×107

7.2×107

5.4×108

5.7×109

9.1×1010

2.4×1012

0.001

-3

2.6×107

1.2×108*

7.2×108

5.4×109

5.7×1010

9.1×1011

2.4×1013

0.01

-2

2.6×108

1.2×109

7.2×109* 5.4×1010 5.7×1011*

9.1×1012

2.4×1014

0.1

-1

2.6×109

1.2×1010 7.2×1010 5.4×1011

5.7×1012

9.1×1013* 2.4×1015*

1

0

2.6×1010

1.2×1011 7.2×1011 5.4×1012

5.7×1013

9.1×1014

2.4×1016

The Z values marked with * indicate the conditions where two sets of specimens were prepared for the
subsequent tensile testing.
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(a)

(d)

(b)
CLD//TD
ND
ND
TD

CLD//TD
RD
(c)

RD

R
TD
D

RD

TLD//ND
ND

RD

Figure 3-1 (a) Schematic illustration of the preparation of a series of hot compression AZ31B Mg alloy plate, (b) texture measurement and tensile
specimens of the DRXed AZ31B Mg alloy specimens; (c) Orientation of flat specimen extracted from hot-compressed DRXed AZ31B Mg alloy
specimens; (c) Orientation of flat specimen extracted from hot-compressed DRXed AZ31 Mg alloy specimens. (d) Microstructure and texture of
the as-received AZ31B Mg rolled plate. RD, TD, ND, CLD, and TLD denote rolling direction, transverse direction, normal direction, compression
loading direction and tensile loading direction, respectively
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50% following the same procedures described in Section 3.2.1 to produce a set of hot-compressed
samples large enough to extract tensile testing specimens to investigate the effect of grain refinement and
texture modification due to the DRX. The deformed temperature ranges from 523 K to 773 K and strain
rate 0.001 s-1 to 1 s-1 as marked by * in Table 3-1. Using this set, optical microscopy and sXRD texture
measurement was conducted to ensure reproducibility of results on the large samples prior to the room
temperature tensile testing. Then, dog-bone flat tensile specimens with TLD parallel to ND were EDMed,
Figure 3-1(c). The gauge section of the tensile samples was 3 mm long, 2mm wide and 1.5 mm thick.
Tensile tests were carried out using Instron-1000 high-resolution load frame and the yield strengths
weren’t measured. The nominal strain rate for the test is 10-3 s-1 and an extensometer was used to record
the strain.

3.3 Results

3.3.1 Grain refinement as a function of ε under various Z conditions
Figure 3-2 shows the DRX microstructure of AZ31B Mg alloy deformed by hot compression as a
function of various Z values ranging from 106 to 1016 s-1 s Also, for each Z condition, the change in
microstructure with the applied strain (10, 20, 50%) are shown. The deformation conditions for each Z are
also noted using (T, 𝜀̇) e.g. where (823, 0.001) denotes 823 K and 0.001 s-1 strain rate. At a low Z of 106 s, grain growth occurred during deformation. In fact, Z below 1010 s-1 didn’t exhibit grain refinements. At

1

higher Z conditions i.e. above Z of 1012 s-1, grain refinement progressed significantly as a function of
strain. At Z=1012 s-1, the DRX initiates predominantly at the grain boundaries and the fraction of DRX
grains increase with the increase in strain. At Z=1014 s-1, extension twin was first observed at 10% strain
with the emergence of DRX nuclei mostly at the grain boundaries. The effect of increasing Z on DRX is
clearly shown for 50% strain samples, where the grain size decreases systematically with either by
decreasing the deformation temperature or by increasing the strain rate. Moreover, for each Z condition,
the evolution of microstructure with strain illustrates the changes in DRX mechanism from low Z to high
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Z cases. On the other hand, at Z=1015 s-1, thicker extension twins were visible at 10% strain and
significant DRX processes were observed within the twin boundaries as well as grain boundaries at 20%
strain, finally leading to a significant grain refinement at 50% strain.
Figure 3-3 quantitatively shows the changes in average grain size from all grains, average DRX grain
size only from the recrystallized grains and DRX area fraction of recrystallized grains as a function of
strain for various Zs. Figure 3-3(a) shows that significant grain growth occurred at (823, 0.0001). Also, at
other relative low Z conditions, (773, 0.001) and (723, 0.01), grain refinement was not prevalent to reduce
the overall average grain size. Grain size increased from the initial 16 μm to 36 μm at (823, 0.0001) and
24 μm at (773, 0.001) and (723, 0.01). At high Z conditions, overall average grains decreased with
increase in strain and Z values, Figure 3-3(a).
Figure 3-3(b) shows that DRX grain size decreased with the increase in Z but don’t change with the
strain. Indeed, percent recrystallization (%DRX) shows a typical kinetics curves as a function of strain,
Figure 3-3(c). So, the overall decrease in grain size with strain in Figure 3-3(a) is achieved by the increase
in DRX grain fractions. For (6E11, 623, 0.01), DRX fraction increased rapidly to 25%DRX at 10% strain
and then saturated at about 35%DRX at 20% strain. For the (9E14, 573, 1) case, the DRX process
exhibited an incubation period beyond the strain of 10%, beyond which rapidly increased to about
70%DRX at 50% strain. The kinetics of (9E13, 573, 0.1) case, where extension twinning was prevalent, is
between the two explained already. Such different DRX in kinetics will be discussed later in Section
3.4.1.

3.3.2 DRX grain size map as a function of T, 𝜺̇ and Z

A processing-microstructure map of AZ31 Mg alloy constructed as a function of temperature, strain
rate, and Z was presented in Figure 3-4. The iso-Z contour lines are marked using the exponent value.
First, the effect of T on DRX grain refinement is evident. For example, at a given strain rate of log𝜀̇=-2,
the DRX grain size decreases systematically with the decrease in T. At log𝜀̇=-0, the grain refinement
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Figure 3-2 DRX microstructure of AZ31B Mg alloy deformed by hot compression as a function of Z
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Figure 3-3 (a) Grain size of AZ31B Mg alloy as a function of strain under processing parameters of (550,
0.0001), (500, 0.001), (450, 0.01), (350, 0.01), (300, 0.1) and (300, 1); (b) DRX grain size and (c) DRX
fraction as a function of strain for processing parame(a) Grain size of AZ31B Mg alloy as a function of
strain under processing parameters of (550, 0.0001), (500, 0.001), (450, 0.01), (350, 0.01), (300, 0.1) and
(300, 1); (b) DRX grain size and (c) DRX fraction as a function of strain for processing parameters of
(350, 0.01), (300, 0.1) and (300, 1); (d) The optical images of Z values of 6E11 (left) and 9E14 s-1 (right)
at 20% strain
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Figure 3-4 Processing map of AZ31B Mg alloy microstructure at 50% strain as a function of temperature, strain rate and Z
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leads to a bimodal distribution in that at the lowest T, extremely fine DRX grains is observed but only
partial DRX occurred as the combination of low T and high 𝜀̇. Furthermore, at given T of 623 K, the
DRX grain size decreases as the strain rate increases. And at T of 527 K, the grain refinement changed to
a bimodal distribution with the increase in strain rate. In terms of Z, at Z range from 106 to 1014 s-1, the
grain size became finer with the reduction in Z but DRX grains wasn’t observed until Z value equals 1012
s-1. The grain refinement developed to bimodal distribution beyond Z value of 1014 s-1.

3.3.3 Texture development as a function of ε and various Z conditions
Figure 3-5 shows the evolution of DRX texture in terms of (0002) pole figure as a function of applied
compressive strain along TD under various Z conditions with combinations of temperature and strain rate.
At low Z of 106 s-1, initial strong basal texture, Figure 3-1(c) does not change until 20% strain and
becomes weak and broad distribution along ND-TD direction at 50% strain. For Z values between108 and
1012 s-1, basal texture spread out along ND-TD direction early on at 20% strain and evolved into a strong
single component off-normal texture at about 60˚ from ND toward TD at 50% strain. Extension twin
texture appeared predominantly at 10% strain at Z higher than 1014 s-1. In addition, the final texture at
50% strain consists of both extension twin texture (at both north and south pole) and about 60˚ off-normal
texture component. At Z of 1015 s-1, extension twin texture became dominant at 10% strain and changed to
complete extension twin texture at 50% strain.

3.3.4 DRX texture development as a function of T, 𝜺̇ and Z
The processing texture map of AZ31B wrought plate hot compressed along TD as a function of
temperature, strain rate, and Z is presented in Figure 3-6. At Z of 106 s-1, the deformation texture
exhibited diffuse randomly distributed texture along ND-TD plane. At Z of 108 s-1, 60˚ off-ND texture
appeared and became very strong in the Z ranges from 1010 to 1013 s-1. At Z of 1014 s-1, the texture showed
combination of 60˚ off-ND texture and weak extension twin, which gradually changed to strong extension
twin texture at Zs above 1015 s-1. When deformed to 50% strain, the effect of Z on final texture is evident,
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where weak texture spreads along ND-TD direction at low Zs, changes to 60˚ off-ND, and to extension
twin texture at high Z conditions.

3.3.5 Tensile behavior of hot-compressed DRX specimens
The effect of changes in grain size and texture in DRX specimens on the subsequent mechanical
behavior was studied by conducting a series of tension testing illustrated in Section 3.2.3 and Figure
3-1(c). Figure 3-7(a) shows the stress-strain curves data for the ND-tension tests DRX hot-compressed
samples. The as-received specimens showed initial yielding and hardening behavior typical of extension
twinning [50]. The tensile behavior at Z values of 1×108 and 7×109 s-1 appears similar. A higher tensile
strength showed for Z=6×1011 s-1 with comparable ductility. Although Z values of 9×1013 and 2×1015 s-1
exhibited higher strength, the ductility was very poor.
Specifically, the yield stress for Z values of 1×108 and 7×109 s-1 at ND tension is 50 MPa similar to
that of as-received sample. The samples for Z=6×1011 s-1 had a larger yield stress of 105 MPa and longer
strain of 27% compared to that of as-received sample. What is more, for Z values of 9×1013 and 2×1015 s-1,
the yield stress increases to the range of 150 MPa to 225 MPa but with very smaller elongation of 7%10%. Figure 3-8 is the microstructure and texture of DRXed samples used for tensile testing. Compared
with Figure 3-4 and Figure 3-6, the microstructure and texture are reproducible.

3.4 Discussion

3.4.1. Kinetics of dynamic recrystallization
Twinning can be active during deformation of Mg alloys at low temperature, while slip is dominant at
elevated temperatures [51, 65-67] as prismatic and pyramidal slip can be active in addition to the basal
slip with increase in temperature [42-44]. Figure 3-3 shows the difference in kinetics of DRX for slipdominant deformation and twinning-dominant deformation. In Figure 3-3(c), recrystallized grains
occurred immediately at 10% strain for a Z value of 6×1011 s-1 but DRX has a period of incubation prior
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Figure 3-7 Tensile stress-strain curves measured from tensile testing along ND of the DRXed AZ31B Mg
alloy specimens. The specimens include as-received wrought plate sample and the samples under the
following (Z, T, 𝜀̇) conditions: (1E8, 773, 0.001), (7E9, 723, 0.01), (6E11, 623, 0.1), (9E13, 573, 0.1) and
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Figure 3-8 The microstructure and texture of DRXed samples under the following (Z, T, ε̇ ) conditions: (1E8, 773, 0.001), (7E9, 723, 0.01), (6E11,
623, 0.1), (9E13, 573, 0.1) and (2E15, 523, 0.1) used for tensile testing in Figure 3-7
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to 20% strain for a Z value of 9×1014 s-1. The occurrence of extension twins suggests insufficient slip
systems for the deformation, thus not enough stored energy for DRX at the grain boundaries. It is not
until the formation of extension twins was fully complete that the DRX occurred. Within the twin,
because of the change of Schmid factor, basal slip was possible. With dislocation accumulation on both
the grain boundaries and twin boundaries, %DRX increased very rapidly once DRX occurred at 20%
strain and eventually achieved a higher %DRX at 50% strain. In details, according to Sitdikov et al. [98],
three stages are mainly involved in the twinning-assisted DRX: (1) nucleation occurs by intersections of
different variants of twins or rearrangements of lattice dislocation within the twin; (2) recrystallized
grains formed by the random high-angle boundaries evolved by the twin boundaries, (3) migration of the
twin boundaries.
Figure 3-9 shows average DRX grain size measured as a function of temperature and strain rate after
deformation to 50% strain. Figure 3-9(a) shows that, at a given strain rate, average DRX grain size
decreases with temperature. For these different strain rates studied, the relationship between the DRX
grain size and temperature exhibits quite similar. Also, at a given temperature, the DRX grain size
decreases with the increase in strain rate with a similar slope for different temperatures, Figure 3-9(b).
The DRX grain size becomes as small as 1.6 μm when deformed at 523 K and 1 s-1 compared to the initial
grain size of 16 μm.
According to Sandstrom [149], the DRXed grain size can be estimated by:
𝐷𝐷𝑅𝑋 =

𝑀𝐿𝐺𝑏3 𝜌𝑚 2
𝜀̇

(3-2)

, where M is the grain boundary mobility, L is the mean slip distance of the dislocations, G is the shear
modulus, b the Burger’s vector, 𝜌𝑚 dislocation density. M follows Arrhenius type relationship:
𝑀 = 𝑀0 exp (−𝑄⁄𝑅𝑇)

(3-3)

, where 𝑀0 is a material constant, T is the absolute temperature, R the gas constant and Q is the activation
energy.
Galiyev et al. [99] proposed constitutive relationship between strain rate 𝜀̇ and peak stress 𝜎:
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𝜎 𝑛

𝜀̇ = 𝐴1 (𝐺 ) exp (−𝑄⁄𝑅𝑇)

(3-4)

, where A1 is the material constant, Q is the activation energy and n is the stress exponent. The activation
energy Q ranges from 140 to 230 kJ/mol and stress exponent from 4 to 7 in a temperature range from 573
to 723 K [66, 99, 150]. The relationship between stress and dislocation density can be written as
following [151]:
𝜎 = 𝜎0 + 𝐴𝐺𝑏𝜌𝑚 1/2

(3-5)

It should be noted that the Q in Equation (3-3) and (3-4) is lattice diffusion activation energy. By
combining Equation (3-2), (3-3), (3-4) and (3-5), the following expression can be obtained:
4

4

𝑄

𝐷𝐷𝑅𝑋 = 𝐶𝑒𝑥𝑝 [(𝑛 − 1) 𝑅𝑇] 𝜀̇ 𝑛−1

(3-6)

Equation (3-6) can also be written as:
4

𝑄1

4

𝑙𝑛𝐷𝐷𝑅𝑋 = 𝐶1 + (𝑛 − 1) 𝑅 𝑇 + (𝑛 − 1) ln 𝜀̇

(3-7)

Combining Equation (3-1) and (3-6), the DRXed grain shows dependence of Z:
4

𝐷𝐷𝑅𝑋 = 𝐶𝑍 𝑛−1

(3-8)

The average slope of log (DDRX)/(1/T) in Figure 3-9(c) is -0.10 K while that of log (DDRX)/log (𝜀̇) in
Figure 3-9(d) is -922. Based on Equation (3-7), n is calculated to be 4.4 and Q 171 kJ/mol. The n value
and activation energy are consistent with those repeated in the literature [66, 99, 150]. In particular, the Q
value of 171 kJ/mol is approximate to the value (164 kJ/mol) used for the calculation of Z in this paper
[66]. Furthermore, the exponent of Z is -0.10 K, very close to that of -0.11 K fitted using activation
energy of 164 kJ/mol as shown in Figure 3-10.
The relationship between overall grain size and temperature and strain rate is to some extent similar
to that of DRX grain size. In Figure 3-9(a), the reason that causes the overall grain size to increase with
decrease in temperature from 573 K to 523 K is that twinning is dominant under these conditions and
deformation within the twinning becomes harder as temperature decreases, causing the reduction in the
DRX fraction and leading to the increase of the overall grain size. The evidence of twinning and
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microstructure for DRX at 523 K and 1 s-1 can be seen to Figure 3-4 and Figure 3-6. As strain rate
increases at given temperature of 523 K, the overall grain size increases. It is because of that fewer
recrystallization occurred due to the activity of twinning increases as strain rate increases.
Figure 3-10 summarizes the DRX grain size and overall grain size measured as a function of Z. The
DRX grain size decreases with the increase in Z. On the other hand, the average grain size has similar
trend with DRX as a function of Z when Z is smaller than 1014 s-1, but when the Z is above 1014 s-1,
overall grain size increases with the increase in Z due to incomplete DRX. In addition, DRX grain size
showed monotonically decrease trend with Z increase, which has been pointed out in literature reports
[51, 66, 97, 99]. In the present study, the relationship between the recrystallized grain size and Z
parameter is 𝑙𝑜𝑔 𝐷𝐷𝑅𝑋 = −0.11𝑙𝑜𝑔𝑍 + 1.9.
Perez-Prado [7] studied the grain refinement of AZ31 by rolling at 400 °C and single pass of 80%
reduction. The strain and strain rate were estimated 7.4 and 40 s-1 respectively. And Z was calculated as
2.17 × 1014 s-1. The grain size was refinement from 38 μm to 3 μm. The material is fully recrystallized and
3 um can be considered similar to recrystallized grain size, matching well with our data at the same Z 2.3
μm. Y. Uematsu [152] applied extrusion on AZ31B billets with initial grain size of 200-250 μm with
extrusion ratio of 67 at temperature of 677 K, 638 K and 614 K. The extrusion rate was 9.4 m/min, 2
m/min and 1.2 m/min respectively. According to the equation in [153], the strain can be calculated 6.6 s-1,
1.4 s-1 and 0.8 s-1 and thus Z is 4 × 1012 s-1, 3.8 × 1013 s-1 and 7.7 × 1013 s-1. The grain size after extrusion
was 7.4 μm, 2.9 um and 2.1 μm respectively. By the optical microscope images, DRX can be estimated 5
μm, 2.9 um and 2.1 μm, consistent with grain size at corresponding Z in our experiment 3.8 μm, 2.8 μm
and 2.5 μm. Chang [122] applied friction stir processing (FSP) to AZ31 with initial grain size of 8 μm at
rotation speed from 180 rpm to 1800 rpm with fixed travelling speed of 90 mm/min. The temperature was
measured by thermo-couples and the strain rate was estimated using empirical expression. From Figure
3-10, the DRX grain size was a little larger than our result. It might be because of the slower cooling rate
of FSP. From the thermal profile of FSP, the cooling rate is around 5~8 K /s while the cooling rate in
Gleeble hot compression is around 100 K/s in first few seconds.
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3.4.2. Texture effect on Hall-Petch relationship in Mg alloy
Figure 3-11(a) summarized the yield stress as a function of D-1/2 for tensile testing along ND. The
Hall-Petch coefficient for samples deformed at LZ conditions is 4 MPa mm1/2 rather small than that of
samples deformed at HZ conditions, 22 MPa mm1/2. Figure 3-11(c) is the calculated Schmid based on the
texture for each case and the loading direction (ND). For tensile test of samples deformed at LZ
conditions, the Schmid factor of basal slip is higher than that of extension twin and prismatic slip,
suggesting the dominant deformation mechanism is basal slip. For tensile test of samples deformed at HZ
conditions, prismatic slip has the higher Schmid factor, indicating the dominance of prismatic slip during
the ND tension test. Therefore, the Hall-Petch coefficients for prismatic slip is higher than that of basal
slip, which is consistent with other studies[50, 144, 154].
Figure 3-11(b) summaries the elongation as a function of D-1/2. The elongation for sample deformed at
LZ and HZ conditions doesn’t exhibit an obvious dependence on grain size. However, the elongation for
LZ case lies in the range of 22% to 27%, much higher than that for HZ case the range of which is 7%10%. It indicates that the slip-dominant deformation yields better ductility that that of prismatic-dominant
deformation.
The combined effect of grain refinement and texture modification on yield strength of a Mg alloy can
be expressed as follows:
The grain refinement can increase the strength of alloy by Hall-Petch (H-P) relationship [78, 140]:
𝜎𝑦 = 𝜎𝑜 + 𝑘𝜎 𝐷 −1/2

(3-10)

in which 𝜎𝑦 is yield stress, 𝜎𝑜 is the friction stress, 𝑘𝜎 is the strength coefficient and D is the grain size.
According to Armstrong et al. [80], the shear stress for an operating deformation mode is
𝜏𝑦 = 𝜏𝐶𝑅𝑆𝑆 + 𝑘𝜏 𝐷 −1/2

(3-11)

in which 𝜏𝑦 is the yield shear stress, 𝜏𝐶𝑅𝑆𝑆 is the CRSS of the operating deformation modes. The
relationship between 𝜎𝑦 and 𝜏𝑦 is shown as:
𝜎𝑦 = 𝑀𝜏𝑦 = 𝑀( 𝜏𝐶𝑅𝑆𝑆 + 𝑘𝜏 𝐷 −1/2 )
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in which M is the orientation factor, inverse of Schmid factor.
Equation (3-12) is the combined effect of grain refinement and texture modification on yield
strength. M is related the texture and loading direction. Based on the processing-texture map in Figure
3-6, the processing-Schmid factor map for tension along TD can be plotted, Figure 3-12. At Z values
below 1014 s-1, basal slip has the dominant Schmid factor. And at Z values beyond 1014 s-1, prismatic slip
becomes dominant. Figure 3-13 summarizes the processing-yield stress map for tension along ND of
DRXed samples. The predicted yield stress matched the experiment data well. Table 3-2 is the
comparison between experiment and predicted yield stress. The predicted values are consistent with the
experiment data.

3.5 Conclusions

In order to understand the grain refinement and texture modification as a function of temperature,
strain rate, Z and strain during dynamic recrystallization of AZ31B Mg alloy, a series of hot compression
was carried out. The processing-microstructure-texture-properties map as a function of temperature, strain
rate and Z was estimated. The conclusion can be drawn as follows:
(1) The DRX grain size decreased with the increase in Z, either by a decrease in temperature and/or by an
increase in strain rate. The relationship between DRX grain size and Z in this study is 𝑙𝑜𝑔 𝐷𝐷𝑅𝑋 =
−0.11𝑙𝑜𝑔𝑍 + 1.9.
(2) Based on the relationship between DRX grain size and temperature or strain rate, stress component n
is calculated to be 4.4 and activation energy Q 171 kJ/mol.
(3) Kinetics of DRX showed difference for slip and twinning associated deformation. For slip-dominant
deformation, DRX occurred immediately. However, for twinning-assisted DRX, incubation occurred and
after the incubation, DRX fraction increased sharply, suggesting extension twins can promote the DRX
fraction.
(4) With the increase in Z, texture changed from a shear texture to an off-ND texture, and to an
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Table 3-2 Experient and predicted tensile yield stress of DRXed sample hot-compressed under (Z, T, 𝜀̇).
conditions: (1E8, 773, 0.001), (7E9, 723, 0.01), (6E11, 623, 0.1), (9E13, 573, 0.1) and (2E15, 523, 0.1)
Processing conditions

Experiment yield stress

Predicted yield stress

(1E8, 773, 0.001)

60

58

(7E9, 723, 0.01)

66

59

(6E11, 623, 0.1)

110

82

(9E13, 573, 0.1)

149

95

(2E15, 523, 0.1)

225

233
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extension-twin texture. At a Z value of 106 s-1, the DRX resulted in a shear texture. At Z values ranging
from 108 to 1014 s-1, the DRX texture changed to an off-ND texture. For Z values above 1015 s-1, the DRX
texture is extension twin texture.
(5) The tension test of DRXed samples showed that prismatic-slip-dominant deformation has a higher
Hall-Petch coefficient (22 MPa mm1/2) that that for basal-slip-dominant deformation (4 MPa mm1/2).
(6) The elongation doesn’t show obvious dependent on grain size refinement but strongly related to the
deformation mechanism in that basal slip yields higher ductility than prismatic slip.
The combined effect of grain refinement and texture modification was summarized in the processing-yield
stress map.
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Transient nature of texture change of AZ31 magnesium alloy during friction stir
processing

4.1 Introduction
Friction stir welding (FSW) is solid state joining with advantages of minimized cracking and
porosity, refined grain size and improved weld strength. For the FSW, a rotating tool consisting of a
shoulder and a pin plunges into the plates and travels along the welding line. The metallurgical joint is
made by the generated fictional heat and the severe tortuous material flow during FSW [155]. Due to the
dynamic recrystallization and severe plastic deformation, crystallographic texture significantly changes
[21, 156, 157], which will potentially influence the service performance of the weld. The variations of
FSW such as friction stir processing (FSP) has been used to obtain the ultra-fined microstructure [158],
homogenous distributed nanocomposites [159] and tailor the crystallographic texture [21] for good
mechanical properties.
Different combination of FSW/FSP processing parameters can result in various types of
microstructure and texture and thus various mechanical properties. Post-mortem of the microstructure and
texture are easily measured and have been studied thoroughly [21, 156-159]. However, in order to
understand how the final microstructure and texture are formed after FSW/FSP, it is necessary to study
the transient behavior of microstructure and texture during FSW/FSP. Severe material flow and fast
translation around the tool pin make it rather difficult to track microstructure and texture change around
the tool pin. By means of the simulation tools such as computation fluid dynamics (CFD) and finite
element analysis (FEA), material flow and temperature profile in near-field region of the tool pin during
FSW/FSP are better understood [130, 160]. However, simulation of the crystallographic texture evolution
is not still durable because of the huge amount of calculation.
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To the best of our knowledge, methods for observation of microstructure evolution during FSW/FSP
are not feasible. In this study, we attempt to make use of diffraction tools to understand the texture
evolution. Neutron diffraction has advantages of good penetration ability and large scattering volume.
Therefore, neutron diffraction has the abilities to “observe” a large region of the interior of the materials.
In addition, in-situ neutron diffraction has been demonstrated to study the deformation mechanisms and
phase transformation under different services such as uniaxial loading, and cyclic loading [161-164].
However, the problem of neutron diffraction is the low signals of neurons. Therefore, to guarantee good
diffraction patterns, enough influx of neutrons is demanded. During in-situ neutron diffraction, the
position of the scattering volume is fixed. The problem of bad diffraction patterns emerges if the
conventional FSW machine of which the rotating tool travels along the welding line towards the
scattering volume is applied for the in-situ neutron diffraction measurement. To lengthen the
measurement time of the neutron diffraction, the conventional FSW machine has to be redesigned. We
designed a portable FSW machine of which the rotating tool can only plunge into the plate and the plate
stage moves along the welding line during the processing. Consequently, for each measurement a fixed
distance between scattering volume and the tool pin before the completion of the movement of the plates
can guarantee enough neutron influx. In our previous studies [165, 166], the portable FSW machine has
been successfully used to study the temperature and stress in the near-field region of the tool pin during
FSW/FSP using in-situ neutron diffraction.
In this study, we select Mg alloy to study the texture evolution during FSP using in-situ neutron
diffraction. Mg alloy has the advantages of light weight and can reduce the fuel efficiency, but its
hexagonal-close-packed (hcp) crystal structure has limited its broad application in automotive industry
because of the poor ductility and strong anisotropic mechanical properties at room temperature. FSP is an
effective way to modify the texture of Mg alloy for enhanced mechanical properties. Yu et al. [21] studied
the texture evolution during FSP of rolled AZ31 plate as a function of Zener-Hollomon (Z) parameter
estimated by the processing parameters. The initial strong basal texture (<0001> // ND) changed to
combined shear texture (<0001> // processing direction (PD)) and basal texture at low Z (1200 rpm, 0.25
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mm s-1) and 40˚ off-ND at high Z (600 rpm, 1.1 mm s-1). The ductility increased to 24% for specimens
with shear texture compared to 15% of as-received specimens. Furthermore, the ductility reached 39% for
the off-ND texture.
With neutron beam energy of 1.4 MW afforded by the state-of-art beamline at Spallation Neutron
Source (SNS), Oak Ridge National Laboratory, we carried out in-situ neutron diffraction measurement
during the FSP of AZ31 Mg alloy at two different processing parameters: 1200 rpm, 0.1 mm/s (low Z
case) and 300 rpm, 1 mm/s (high Z case). Several intensity measurements were done at various positions
of the scattering volume relative to the tool pin to study the intensity change as a function of positions.
In this paper, we will firstly present that intensity evolution as function of position for LZ and HZ
conditions. Based on the relationship between position and time, the intensity evolution as function of
time for LZ and HZ conditions will also be shown. Then we will present the methods and results of the
reconstruction of (0002) pole figures as a function of time for LZ and HZ conditions. Furthermore, we
will discuss the validity as well as the limitations of the reconstruction methods and the effect of Z and
materials flow during FSP on the formation of final texture. The present study can verify the feasibility of
study on texture evolution during severe plastic deformation using in-situ neutron diffraction. It will fill
the gaps in the insights into how the final texture is formed during FSW/FSP. What’s more, the study
results can provide guidelines for the optimization of FSP parameters. It can be potentially used to verify
the models for texture simulation during FSW/FSP.

4.2 Experimental details

4.2.1. Materials
A commercial rolled AZ31B Mg plate was used in the present study. The plate used for the present
study is the hot rolled commercial AZ31 Mg alloy with a strong basal texture. The dimension of the Mg
plate is about 750-mm long, 178-mm wide and 6.35-mm thick. Aluminum T6061 plate with the same
dimension was used as the backing plate during FSP.
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4.2.2. In-situ neutron diffraction measurement
The in-situ neutron diffraction measurement was carried out at VULCAN beamline at Oak Ridge
National Laboratory. The scattering volume of neutron diffraction is 2 × 3 × 2 mm3, defined by 2 mm
wide of radial collimator and 3 mm × 2 mm incident beam slit. The designed portable FSP machine of
which the tool was kept stationary in translational direction and the plate stage can move is shown in
Figure 4-1(a) and (b).
Positions of scattering volume in front of the pin -15 mm, -9 mm, -6 mm, and positions after the pin 6
mm, 7.5 mm, 9 mm, 10.5 mm, 12 mm, 15 mm and 18 mm were measured, Figure 4-2. All the measured
positions are along the processing line and in the middle of the thickness direction of the plates. At a
specific position of scattering volume, the state of the materials such as temperature, material flow, peak
position and intensity will reach a quasi-steady state [165, 166]. The diffraction measurements at different
positions of scattering volume actually indicate the state of the materials at different time during FSP. The
time can be estimated by the ratio of the relative distance to the starting position and traveling speed given
t= 0 s for the starting point.
Two neutron diffraction detectors recorded the diffraction patterns of two scattering vectors, namely,
normal direction (ND) and rolling direction (RD) of the plate, which is named ND detector and RD
detector, respectively. Due to the geometric limitations caused by the experiment set up, neutron
diffraction of the scattering vector paralleling to RD was blocked by the tool shoulder at positions of -9
mm, and -6 mm.
The tool shoulder and the threaded tool pin in the FSP machine has a diameter of 25 mm and 6.35
mm, respectively. The depth of the tool pin is 5.6 mm. The processing direction (PD) is along RD of the
plate. The forging force of 8000 N along ND of the plate was applied by the tool shoulder. Two different
processing parameters was used for this study: 1200 rpm, 0.1 mm/s and 300 rpm, 1 mm/s, which refers to
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(a)

(b)

Figure 4-1 Top view of the neutron diffraction: (a) neutron beam in front of the tool; (b) neutron beam
behind the tool. RD refers to rolling direction. The grey region indicates the FSPed region
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Plate traveling direction

Measured region
-18

-12

-6

0

6

12

18 mm

Figure 4-2 Schematic figure of the position of tool relative to the measured region. The unit of the scale is
mm. Negative scale refers to the measurement of unprocessed region as indicated in Figure 4-1(a) and
positive scale the processed region as shown in Figure 4-1(b)
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a Z value of 3.3×1012 s-1 and 1.2×1015 s-1, respectively, Table 4-1. The details of calculation of Z can be
found in reference [21]. For the in-situ neutron diffraction measurement, the measured time for low Z, LZ
(1200 rpm, 0.1 mm/s) at each position is no less than 30 min and for high Z, HZ (300 rpm, 1 mm/s) at
each position is 10 min.
Details for calculation of Z:
Zener-Holloman parameter (Z) can be calculated as [21, 51, 64-67]:
𝑄

𝑍 = 𝜀̇𝑒𝑥𝑝 (𝑅𝑇)

(4-1)

in which Q is the activation energy,  the strain rate and R the gas constant. During FSP, the peak
temperature can be calculated using an empirical relationship [123]:
𝜔2

𝛼

𝑇 = 𝑇𝑚 𝐾 (2.362×104 𝜈)

(4-2)

in which Tm is the melting point (unit °C), 𝜔 is the rotation speed (rpm), 𝜈 is the traveling speed (mm s-1)
and K and 𝛼 are constants, which were estimated to be 0.494 and 0.083 for AZ31 Mg alloy [21]. The
strain rate around the tool pin can be estimated by the equation proposed by Chang et al. [122]:
𝜀̇ =

𝜋𝜔𝑟
𝐿

(4-3)

where r and L are the average radius and depth of the stir zone observed in FSP/FSW plate while 𝜔 is the
rotation speed.

4.2.3. Final texture measurement of the FSPed plates
Cylinder samples from the stir zone of FSPed plates at LZ and HZ condition and as-received plates were
prepared for the texture measurement carried out using neutron diffraction at VULCAN, Oak Ridge
National Laboratory. The samples have diameter of 5 mm and height of 5.5 mm. The beam size of
neutron diffraction was 5 × 5 × 5 mm3. The sample was set up on a rotational stage, Ψ changing from 0˚
to 90˚ with step of 15˚ together with φ self-rotating from 0˚ to 330˚ with step of 30˚. The measurement
time for each stop is 80 s. The raw pole figure data was further analyzed by MTEX, a quantitative texture
analysis software [148].
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Table 4-1 Calculation of Zener-Hollomon parameter (Z). The activation energy is 164 kJ/mol [18]
Rotation speed
(rpm)

Traveling speed
(mm/s)

Calculated peak temperature
(°C)

Strain rate
(s-1)

Z
(s-1)

1200

0.1

510

37

3.3E12

300

1

335

9

1.2E15
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4.2.4. Measurement of thermal expansion coefficient of AZ31 Mg alloy
The in-situ heating experiment was carried out using synchrotron x-ray diffraction at Advanced Photo
Source at Argonne National Laboratory. The as-received Mg alloy with cross-section of 5 mm × 6 mm
was heated with heating rate of 20 °C/min to temperature of 85 °C, 145 °C, 205 °C, 265 °C and 325 °C.
At each temperature, the sample was held for 3 mins to obtain the diffraction images. The Rietveld
refinement was done to obtain the lattice parameters using GSASII [167].

4.3 Results

4.3.1. Temperature profile as a function of time
The linear thermal expansion coefficient (TCE) is defined [168]:
𝛼(𝑇) =

1 𝜕𝑎
𝑎0 𝜕𝑇

(4-4)

From Equation (4-4), it can be derived that
𝑇

𝒂

1

∫25 𝛼(𝑇)𝑑𝑇 = 𝑎 ∫𝑎 𝑑𝑎
0

(4-5)

0

Simplifying Equation (4-5), the equation about variable T can be expressed as:
𝑇

∫25 𝛼(𝑇)𝑑𝑇 =

𝑎−𝑎0
𝑎0

(4-6)

Equation (4-4) refers to conditions when the material is just under heating without deformation.
Therefore, the lattice strain

𝑎−𝑎0
𝑎0

such as FSP, the lattice strain

is only caused by thermal expansion. However, during hot deformation,

𝑎−𝑎0
𝑎0

consists of elastic lattice strain caused by deformation and thermal

lattice strain (𝜀𝑡ℎ ) by thermal expansion. Therefore, during FSP, the right part of equation (4-6) should be
replaced by thermal lattice strain [165, 166, 169] :
𝜈

1−𝜈

𝜀 𝑡ℎ = 1+𝜈 (𝜀𝑃𝐷 + 𝜀𝑇𝐷 ) + 1+𝜈 𝜀𝑁𝐷 +

2𝜈−1
𝜎𝑁𝐷
𝐸

(4-7)

Where 𝜀𝑃𝐷 , 𝜀𝑇𝐷 , and 𝜀𝑁𝐷 refers to the lattice strain on PD, transverse direction (TD) and ND of the plate,
𝜈 is the Poisson’s ratio, E is Young’s modulus and 𝜎𝑧 is the stress under ND of the plate. Constant
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Poisson’s ratio 𝜈 of 0.35 was used for the calculation because of its weak temperature dependence.
Young’s modulus E (in MPa) as a function of temperature was fitted using the data in reference [170]:
𝐸(𝑇) = 0.19𝑇 2 − 107.57𝑇 + 42826.17

(4-8)

Plane stress (𝜎𝑁𝐷 = 0) was assumed outside the rotating tool and 𝜎𝑁𝐷 was estimated -17 MPa (ratio of
forging force and the tool shoulder area) under the tool. Due to the difficulty of measuring the diffraction
on TD, we assume that 𝜀𝑇𝐷 = 𝜀𝑃𝐷 . Consequently, based on Equations (4-6) and (4-7), temperature profile
of AZ31 Mg alloy during FSP at the LZ and HZ condition can be estimated by:
𝑇

𝜈

1−𝜈

∫25 𝛼(𝑇)𝑑𝑇 = 1+𝜈 (𝜀𝑃𝐷 + 𝜀𝑇𝐷 ) + 1+𝜈 𝜀𝑁𝐷 +

2𝜈−1
𝜎𝑁𝐷
𝐸

(4-9)

For Mg alloys with hcp crystal structure, the average lattice parameter 𝑎̅ = (2𝑎 + 𝑐)⁄3 was used to
estimate 𝛼(𝑇) and εi=2/3εia-axis + 1/3εic-axis (i=PD, TD, and ND) to calculate the lattice strain at specific
direction [171]. Table 4-2 shows the values of lattice parameters (a and c) and average lattice parameter
(𝑎̅) of as-received AZ31 Mg alloy at various temperature. The fitted TCE (𝛼) as a function of temperature
(T) is
𝑎̅(𝑇) = 9.98 × 10−8 𝑇 2 + 7.75 × 10−5 𝑇 + 3.86

(4-10)

The R-square (R2) of the fitting is 0.9992. Then the equation of TCE (𝛼(𝑇) as a function of T can be
obtained:
1 𝜕𝑎̅
𝑎0 𝜕𝑇

𝛼(𝑇) = ̅̅̅̅

= 5.17 × 10−8 𝑇 + 2.01 × 10−5

(4-11)

Figure 4-3(a) and (b) shows the lattice strain 𝜀𝑃𝐷 and 𝜀𝑁𝐷 at the LZ and HZ condition, respectively.
For the LZ condition, 𝜀𝑁𝐷 is bigger than 𝜀𝑃𝐷 while for the HZ condition, no significant difference
between 𝜀𝑁𝐷 and 𝜀𝑃𝐷 . As the thermal lattice (𝜀 𝑡ℎ ) strain is isotropic, it means that the elastic strain on ND
𝑒𝑙
𝑒𝑙
𝑒𝑙
𝑒𝑙
(𝜀𝑁𝐷
) is higher than that on PD (𝜀𝑃𝐷
) for the LZ condition and 𝜀𝑁𝐷
is similar to 𝜀𝑃𝐷
for the HZ condition.

Figure 4-3(c) and (d) is the temperature profile as a function of time. For both LZ and HZ, the
temperature increased as the tool pin got closer the measured region and then dropped sharply as the tool
pin traveled away. When the measured region is out of the tool shoulder, the temperature decreased
slowly. The peak temperature of the measured region is 500 °C for the LZ condition and 360 °C for the
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HZ condition. Then, the measured Z value for LZ is 4.5×1012 s-1 and 3.1×1014 s-1 for HZ. In reference
[165], the temperature of AZ31 Mg alloy during FSP was also estimated using in-situ neutron diffraction.
The peak temperature for FSP with 300 rpm and 0.47 mm/s was calculated as 464 °C higher than 360 °C
for FSP with 300 rpm and 1 mm/s in this study. The lower traveling speed in reference [165] can
contribute to the higher peak temperature. Another reason is that the TCE as function of temperature was
used to estimate the temperature in this study while in reference [165] the three iteration was used given
an initial TCE at specific temperature.

4.3.2. Peak intensity evolution as a function of time
Figure 4-4(a) shows the initial strong basal texture of AZ31 Mg plate. Figure 4-4(b) shows the
contour plot of real time neutron diffraction measurement at position of 9 mm for LZ condition at RD
Detector. The d-spacing and peak intensity of peak (0002) and (101̅1) remains stable during the real-time
measurement. It means the state of the materials at specific position is in quasi-steady state. Figure 4-5(a)
and (b) shows the evolution of (0002) peak intensity of the measured region on ND and PD during FSP as
a function of position and time for a LZ condition and for at a HZ condition, respectively. Figure 4-5(c)
and (d) is evolution of (101̅1) peak intensity on ND and PD during FSP as a function of time for a LZ
condition and for a HZ condition, respectively. The error bar in x-axis corresponds to the projection size
of the scattering volume on ND-PD plane.
The center of the measured region lied at t=150 s for the LZ condition and at t=15 s for the HZ
condition. Figure 4-4 only shows the tool pin center reached the center of the measured region but the tool
pin center can be tracked by time and the relative position between tool pin and measured region can be
figured out based on product of time and the traveling speed. For example, at t=18 s for the HZ condition,
the tool pin center is at t=18 s and the measured region was 18 mm away from the tool pin center, out of
the cover range of the tool shoulder, meaning the FSP was finished.
The peak intensity at t=0 s refers to the measurement of the measured region before FSP. (0002)
plane has a stronger intensity along ND and no intensity along PD consistent with the initial strong basal
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Figure 4-3 Lattice strain evolution as a function of time at LZ (a) and HZ (b) condition; temperature
profile during FSP at LZ (c) and (d) condition
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Table 4-2 Thermal expansion coefficient (TCE) of AZ31 at various temperature
Temperature [°C]

a [Å]

c [Å]

𝑎̅ [Å]

25

3.1970(3)

5.1943(6)

3.8628(4)

85

3.2017(2)

5.2023(8)

3.8686(4)

145

3.2066(2)

5.2103(8)

3.8745(4)

205

3.2120(2)

5.2191(8)

3.8810(4)

265

3.2173(2)

5.2298(9)

3.8881(4)

325

3.2237(3)

5.2436(9)

3.8970(5)
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texture and continuously dropped as the tool pin became closer to the measured region during FSP. It
suggested that the initial strong basal texture became weaker and weaker as the tool pin becomes closer.
After the tool pin passed through the measured region, (0002) peak intensity along ND stayed weak until
FSP was finished. However, weak (0002) peak intensity along PD began emerging as the tool pin passed
through the measured region and then kept stable. It indicated that (0002) plane titled parallel to the tool
pin surface, typical shear texture in FSP [21]. For the HZ condition, (0002) peak intensity along ND
decreased rapidly as tool pin traveled closer to the measured region during FSP and stayed at around zero
after the pool pin passed through, indicating the basal texture disappeared after the pool pin passed
through. In addition, (0002) peak intensity along PD stayed at zero after the tool pin passed through,
implying that no shear texture occurred during FSP at the HZ condition. More information about texture
evolution can be obtained by checking the intensity evolution of (101̅1) peak intensity along ND and PD
at LZ and HZ condition.
(101̅1) peak intensity along ND at the LZ condition was initially zero and began showing up as the
tool pin moved closer to the measure region and kept stable after the tool pin passed through, indicating a
randomized texture. (101̅1) peak intensity along PD at the LZ condition dropped after the tool pin passed
through compared to the initial peak intensity along PD and kept increasing as the tool pin traveled away,
suggesting the formation of an off-ND texture. Contrarily, (101̅1) peak intensity along ND at the HZ
condition kept at zero throughout the FSP. (101̅1) peak intensity along PD at HZ condition is similar to
that at the LZ condition, but (101̅1) peak intensity increased more significantly as the tool pin traveled
away. (101̅1) peak intensity along ND and PD at the HZ condition implied a sharp off-ND texture.
However, the texture evolution as a function of time cannot be directly seen from the peak intensity
evolution. Further analysis needs to be carried out.
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(a)

(b)

PD

TD
ND
Figure 4-4 (a) The initial texture of as-received AZ31 plate and (b) diffraction intensity contour plot
during the FSP real time measurement measured from the PD detector at position of 10.5 mm. The FSP
parameters: rotation speed of 1200 rpm and traveling speed of 0.1 mm/s
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Figure 4-5 Evolution of (0002) peak intensity on ND and PD during FSP as a function of time (a) at a LZ
condition and (b) at a HZ condition; evolution of (101̅1) peak intensity on ND and PD during FSP as a
function of time (c) at a LZ condition and (d) at a HZ condition. The length of the error bar in x-axis
indicate the projection of scattering volume on PD
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4.4 Discussion

4.4.1. Evolution of reconstructed (0002) pole figures as a function of time
The methodology of reconstruction of (0002) pole figures is making use of the crystallographic
relationship between pyramidal planes such as (101̅1) and (101̅3) and (0002) with the assumption that
(0002) plane prefers to align toward PD.
The (0002) pole figure at t=0 s is reconstructed following Von Mises–Fisher distribution with 20°
angle range. The maximum intensity is set based on the measured (0002) pole figure of as-received Mg
plate shown in Figure 4-4(a).
The normalized intensity of plane (hkil) in time-of-flight neutron diffraction is proportional
to [172]
𝐼 ℎ𝑘𝑖𝑙 ∝

𝜆4 𝑚𝐹ℎ𝑘𝑖𝑙 2 𝑁𝑐
𝑠𝑖𝑛2 𝜃

(4-12)

in which 𝜆 is wavelength, m multiplicity of the reflection, 𝐹ℎ𝑘𝑖𝑙 structure factor of plane (hkil), Nc the
number of grains per unit volume. Nc is same for each (hkil). In neutron diffraction, 2𝜃 is fixed at 90° and
thus 𝜆 is proportional to d-spacing according to Bragg’s law. In this study, the intensity of (101̅l) is used
for the reconstruction of (0002) pole figures. The multiplicity of (0002) plane is 2 and that of (101̅l) plane
is 12. The measurement of diffraction on the ND or PD detector doesn’t cover all the plane families of
(101̅l). In addition, the average multiplicity of (101̅l) planes can be estimated as 2. Therefore, the
intensity ratio of (101̅l) planes and (0002) plane can be evaluated, Table 4-3. These ratios can be used to
estimate (0002) plane intensity. For example, (0002) plane intensity is 1.7 (1/0.59) times that of (101̅1).
The distribution of (0002) is reconstructed based on the crystallographic relationship between (0002)
plane and (101̅l) planes as shown in Table 4-3. For example, the crystallographic angle between (101̅1)
plane and (0002) plane is 62°. From the (101̅1) diffraction along ND detector, (0002) diffraction 62°-off
can be estimated.
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In general, two types of the texture of stir zone (SZ) of the FSW/FSP plates are listed in literature reports
[19, 21, 83, 90, 133-136]: 1) shear texture (<0001> // welding/processing direction); 2) off-ND texture
(<0001> lies between normal direction (ND) and welding/processing direction). It is because the (0002)
plane prefers to parallel to the shear surface of the tool pin and tool shoulder. This preference is also
found in other processing techniques of Mg alloys. For equal-channel-angular-processing (ECAP) of Mg
alloy [13, 89], it was found that basal plane tilted 45° from the extrusion axis, parallel to shear plane. In
addition, the typical basal texture of Mg alloy can also be understood that (0002) plane parallels to the
shear surface of the rolling. Therefore, in the reconstruction of (0002) pole figures, it is reasonable to
assume that (0002) plane prefers to lie toward PD due to the shear effect of the tool pin and tool shoulder.
Figure 4-6 shows the distribution of (0002) planes reconstructed from the (101̅l) planes along ND and RD
detector.
Adding the intensity and distribution of (0002) planes reconstructed from (101̅l) planes, the (0002) pole
figures are reconstructed.
Figure 4-7 shows the comparison between the post-mortem texture and the reconstructed texture at
the finishing point of in-situ neutron diffraction for the LZ and HZ condition. For the LZ and HZ
condition, the dominant texture component in the reconstructed texture agrees well with that in the postmortem texture, respectively. It suggests that the methodology for the reconstruction of (0002) pole
figures is reasonable. Figure 4-8 and Figure 4-9 show the (0002) pole figures reconstructed from in-situ
neutron diffraction data as a function of time at the LZ and HZ condition. For the LZ condition, as the
tool pin moved closer to the measured region, the initial basal texture became weaker and a weak off-ND
component showed up. After the tool pin passed through, the weak basal texture was stable with minor
change in intensity and the off-ND texture became stronger. In addition, the shear texture component
occurred and stayed stable during FSP. In comparison, for the HZ condition, the basal texture became
weaker as the tool pin was closer to the measured region and weak off-ND component showed up. When
the tool pin passed through, the basal texture disappeared and the off-ND texture became stronger.
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Table 4-3 Reconstruction of (0002) pole figures
Plane

Angle to (0002)

Structure factor ratio

(0002)

0°

1

(101̅5)

21°

0.02

(101̅3)

32°

0.08

(101̅2)

43°

0.07

(101̅1)

62°

0.59

ND

PD
by (0002)
by (101̅5)
by(101̅3)
by (101̅2)
by (101̅1)

Figure 4-6 The distribution of (0002) planes reconstructed from (101̅5), (101̅3), (101̅2) and (101̅1)
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HZ

Reconstructed

Post-mortem

LZ

PD//RD

TD
ND
Figure 4-7 Comparison of the final texture of post-mortem texture of FSPed plates processed at LZ (a)
and HZ (b) condition and the reconstructed texture based on the in-situ neutron diffraction result at the
finishing time of LZ (c) and HZ (d) condition
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Figure 4-8 Reconstructed (0002) pole figures from in-situ neutron diffraction data showing the evolution as a function of time at the LZ condition
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Figure 4-9 Reconstructed (0002) pole figures from in-situ neutron diffraction data showing the evolution as a function of time at the HZ condition
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4.4.2. The role of Z on the texture evolution
As the tool pin moves closer to the measured region, the temperature and strain rate increased
simultaneously, causing the weakening of the basal texture and emergence of off-ND texture for the LZ
and HZ condition. Shear texture and strong off-ND texture are the characteristic texture component for
the LZ and HZ condition, respectively. From Figure 4-8 and Figure 4-9, the shear texture and off-ND
texture was formed after the measured region was friction stir processed. As the tool tin traveled away,
the characteristic texture component of LZ and HZ condition was stable with increasing trend in the
intensity. Therefore, it can be concluded that the shear texture of the LZ condition and strong off-ND
texture of the HZ condition is determined by the thermo-mechanical input when the tool pin passed
through the measured region. The measured Z value for LZ is 4.5×1012 s-1 and 3.1×1014 s-1 for HZ. These
values are actually the Z values of the measured region when the tool pin traveled through the measured
region. It is the Z difference that leads to the different characteristic texture component at LZ and HZ
condition. As the tool pin moved away, both the temperature, strain rate and strain in the measured region
were reduced [129], suggesting the weak material flow. Resultingly, the texture component doesn’t
change much. The increase in the intensity of the texture might be due to recrystallization.

4.5 Summary

In this paper, the transient intensity evolution of AZ31 Mg alloy during FSP at LZ and HZ condition
was investigated by neutron diffraction to understand how the final texture was formed. Based on the insitu neutron diffraction result, the (0002) pole figures were reconstructed as a function of time for the LZ
and HZ conditions. The conclusion can be drawn as follows:
(1) According to the thermal expansion coefficient and thermal lattice strain, the peak temperature of the
measured region was estimated as 500 °C for the LZ condition (1200 rpm, 0.1 mm/s) and 360 °C for
the HZ condition (300 rpm, 1 mm/s). The measured Z value for LZ is 4.5×1012 s-1 and 3.1×1014 s-1 for
HZ.
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(2) The reconstructed (0002) pole figure at the finishing time of the in-situ neutron diffraction for the LZ
and HZ condition is consistent with post-mortem texture for the LZ and HZ condition, respectively. It
validates the reconstruction method.
(3) (0002) pole figures was reconstructed as a function of time. For the LZ condition, the initial strong
basal texture became weaker as the tool pin moved closer to the measured region. As the tool pin
passed through, the weak basal texture stayed stable and shear texture occurred and kept stable.
(4) For the HZ condition, the initial strong basal texture became weaker as the tool pin moved closer to
the measured region. The texture evolved into a strong and stable off-ND texture as the tool pin
passed through the measured region.
(5) The Z value when the tool pin passed the measured region decides the final FSPed texture.
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Conclusions
The present study systematically investigates the complex interplay among (i) the effect of various
processing conditions such as temperature, strain rate, and strain, (ii) grain refinement, (iii) texture
evolution, (iv) the role of texture on the plastic anisotropy, and (v) the effect of texture and grain refinement
on the tensile strength of DRXed/FSPed specimens. Specific conclusions are as follows.
(1) The DRX grain size (DDRX) decreased with the increase in the Zener-Hollomon parameter (Z), either
by a decrease in temperature and/or by an increase in strain rate. The relationship between DRX grain size
and Z in this study is established as: 𝑙𝑜𝑔 𝐷𝐷𝑅𝑋 = −0.11𝑙𝑜𝑔𝑍 + 1.9.
(2) Based on the relationship between DRX grain size and temperature or strain rate, stress exponent (n)
is obtained as 4.4 and the activation energy (Q) as 171 kJ/mol.
(3) Kinetics of DRX showed significant difference for slip- and twinning-dominant deformation modes.
For slip-dominant deformation, the DRX occurred immediately at a low applied strain. However, for
twinning-assisted DRX, an incubation period was observed, and after about 10% plastic strain, the DRX
fraction increased sharply, suggesting extension twins can enhance the DRX volume fraction.
(4) With the increase in Z, texture changed from a shear texture to an off-ND texture, and to an extensiontwin texture. Specifically, at a Z value of 106 s-1, the DRX resulted in a shear texture. At Z values ranging
from 108 to 1014 s-1, the DRX texture changed to an off-ND texture. For Z values above 1015 s-1, the DRX
texture is extension twin texture.
(5) The tension tests of DRXed samples showed that prismatic-slip-dominant deformation has a higher
Hall-Petch coefficient (22 MPa mm1/2) than that for the basal-slip-dominant deformation (4 MPa mm1/2).
(6) The elongation did not show obvious dependence on grain size refinement but strongly related to the
deformation mechanism in that the basal slip resulted in a higher ductility than the prismatic slip.
The combined effect of grain refinement and texture modification on mechanical properties was
summarized in the processing-yield stress map.
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(7) According to the thermal expansion coefficient and thermal lattice strain, the peak temperature of the
FSP region measured using in-situ neutron diffraction was estimated as 500°C for the LZ condition (1200
rpm, 0.1 mm/s) and 360°C for the HZ condition (300 rpm, 1 mm/s). The measured Z values for LZ and
HZ are 4.5×1012 s-1 and 3.1×1014 s-1, respectively.
(8) The reconstructed (0002) pole figures at the end of the FSP measured using the in-situ neutron
diffraction for the LZ and HZ conditions are consistent with the post-mortem texture data measured for
the LZ and HZ counterparts, which validates the pole figure reconstruction method used in the current
study.
(9) (0002) pole figures were reconstructed as a function of time during FSP. For the LZ condition, the
initial strong basal texture became weaker as the tool pin moved closer to the neutron measurement point.
As the tool pin passed through, the weak basal texture remained, while a new shear texture component
developed and remained stable at the wake of FSP.
(10) For the HZ condition, the initial strong basal texture became weaker as the tool pin moved closer to
the neutron measurement point. The texture quickly evolved into a strong and stable off-ND texture as the
tool pin passed through.
(11) The Z values the material is subjected to when the tool pin passed the neutron measurement zone
determines the final FSPed texture.
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